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PREFACE. 


In the preparation of this text-book on Analytical Geometry 
it has been our aim not merely to give an analytical treat- 
ment of curves of the second degree, but also to apply the 
methods of elementary algebra to the tracing of curves of 
higher degrees. Many of the curves usually classed as 
Higher Plane Curves and discussed in treatises on the 
Calculus are easily handled by elementary methods, and 
give the beginner a much better knowledge of the value 
of analysis than can be derived from a study of the conic 
sections alone. An elementary knowledge of the methods 
of curve tracing is in fact a necessary preliminary to any 
discussion of Higher Plane Curves that is based on Higher 
Algebra and the Infinitesimal Calculus, and seems to come 
properly within the scope of an introduction to Analytical 
Geometry. 

It may be useful to indicate the general lines on which 
the book has been constructed and to state briefly the 
reasons for the order adopted. 

Chapters 1.-IX. treat of the straight line, the circle and 
some simple curves that can be readily sketched from their 
definitions without recourse to elaborate algebraical analysis. 
Graphical work is now so common in the early stages of 
every mathematical course that it is fair to assume that 
every reader has some previous acquaintance with the 
graphical interpretation of equations of a simple type. 
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The early chapters are therefore designed to make the 
student quite familiar with fundamental formulae, such as 
the Section, Distance and Gradient Formulae, which occur 
so frequently in all applications, and to train him in the 
geometrical interpretation of formulae and equations by 
applying them to familiar and easily drawn curves. Indeed, 
the analytical treatment of the straight line and circle is 
necessary, not so much for the geometrical results as for 
the acquisition of facility in the use and interpretation of 
formulae ; only by such practice can the beginner learn to 
see the geometry behind the analysis. These chapters 
include a discussion of Harmonic Ranges and Pencils and 
of the usual theorems on the Circle, including Coaxal 
systems. The ninth chapter contains the equations of the 
Conchoid, the Cissoid and the Witch, with the usual applica- 
tions to the trisection of an angle and the duplication of 
the cube; experience proves that these curves are of real 
interest and stimulate pupils to further study. A number 
of worked examples on loci and two sets of Miscellaneous 
Examples conclude this section. 

Chapters X.-X VII. discuss the graphical representation 
of equations. The aim of these sections is to enable the 
student to sketch pretty rapidly the forms of the curves 
represented by algebraic equations that are not of very 
complicated types; his work on the equations of loci in the 
earlier parts of the book will have suggested the necessity 
of this study, Considerable stress is laid on the method of 
Successive Approximations, and we believe the method to 
be both so simple and so fruitful that no apology is needed 
for the space given to its discussion. In the course of this 
discussion we have felt obliged to treat some parts of 
elementary algebra that are often imperfectly grasped by 
the beginner, such as discriminants, turning values, repeated 
and infinite roots, and have been led by a simple and 
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natural process to a statement of the derivatives of the 
simpler algebraic functions. We hope that the revisal of 
work which is treated with more or less fullness in most 
text-books of algebra will be justified by the light that 
the geometric interpretation casts on somewhat abstract 
algebraic theorems as well as by the use to which these 
discussions are put in the graphing of equations. The 
chapters on the Solutions of Equations and Harder Curves 
will, we trust, be found to offer some interest to every type 
of student, even if for no other reason than as providing 
variety in algebraic teaching. 

The rest of the book, Chapters X VIIL-XXIV., contains a 
fairly complete treatment of the Conic. Many properties 
of the curves are most easily handled by the methods of 
Euclidean Geometry, and we have not hesitated to adopt 
such methods when there was distinct advantage in doing 
so, with the result that we have been able to incorporate 
the essentials of the older treatises on Geometrical Conics. 
It is hard to justify the separation of geometrical and 
analytical conics; at any rate it has seemed to us that such 
separation is totally unwarranted, and is even mischievous 
in an elementary text-book. We have tried to include all 
the important properties of conics that are of an elementary 
character, and to group them into a comparatively small 
number of theorems, so that the student may not be 
burdened by being confronted with propositions that are 
of no special importance. The numerous Exercises that 
are given in every chapter provide ample practice, both on 
the geometrical and on the analytical aspects of the treat- 
ment, and will, we hope, be found useful in emphasizing 
the fact that, after all, the one subject of study is geometry, 
even though the methods are twofold. The simplicity 
introduced by the use of Joachimsthal’s Section-Equation 
is, we think, sufficient warrant for the place assigned to it ; 
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and the discussion of Systems of Conics in Chapter XXIV. 
seems to sum up so naturally the general principles that 
underlie the applications of analysis to geometry that we 
hope it will not be considered to be too severe for an 
elementary text-book. Comparatively little stress has been 
laid on the General Equation of the Second Degree; its 
importance in an elementary course does not seem to us to 
demand a fuller treatment than has been given to it. 
Professor Chrystal’s text-books on Algebra are so funda- 
mental in their character that it is impossible to write on 
any branch of algebra without showing traces of their 
influence, but we desire to make special acknowledgment 


of the great help we have derived: from Chapter 25 of . 


his Introduction to Algebra. Much of our work is little 
more than a restatement of the ideas there laid down. 
Again, in Chapter X VII. we have tried to give an elementary 
account of some of the more important methods developed 
with so much skill in Frost’s treatise on Owrve Tracing 
—a book which is now out of print. 

A word may be said on the position assigned to Freedom 
Equations—a terminology that is, we believe, due to Pro- 
fessor Chrystal. From some points of view, for example 
in its bearing on Dynamics, the representation of a curve 
by freedom equations is quite as natural, and is much more 
useful than the representation by a constraint equation. 
But apart from such applications, the value of the specifica- 
tion of a point on a curve in terms of a single parameter 
has been always recognized in works on Analytical 
Geometry in the case of the Conic Sections, while the 
whole theory of Unicursal Curves is simply that of one 
form of Freedom Equations. It seems proper therefore to 
introduce the student at the outset to this alternative 
method of representing the equation of a curve; the theory 
is not difficult and the gain in facility of graphical repre- 
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sentation is great. Elimination is often a difficult and 
tedious process, and may in many cases be dispensed with, 
so far as the representation of a curve is concerned, by 
making use of Freedom Equations. 

The Answers to all the Examples have been worked out 
by Mr. A. M. Williams, M.A., B.Sc., who has also read the 
whole book in proof. Mr. Peter Ramsay, M.A., B.Sc., has 
subjected the Examples to a searching revision, and has 
independently verified the solutions. To both of these 
gentlemen we offer our hearty thanks for the extreme care 
and thoroughness with which they have carried out their 
laborious task. In many details the book owes much to 
the experience of Professor R. A. Gregory, and we thank 
him sincerely for his helpful advice. We would also grate- 
fully acknowledge the excellence of the work done by 
Messrs. MacLehose. 

GEORGE A. GIBSON. 
P. PINKERTON. 


10 Tur UNIVERSITY, 
Guiascow, December, 1910, 
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ELEMENTS OF 
ANALYTICAL GEOMETRY 


CHAPTER I. 


STEPS. POSITION-RATIO. SECTION-FORMULAE. 


1. Positive and Negative Measure. Consider the line AB 
in Fig. 1, divided internally at P and externally at Q. We 


see that UPEPREAR Cee ie (1) 
for 7+3=10; 
but MOR OP stb) Hove ty et etie can (2) 
for 14—4=10. 


So long as P is between A and B, AP+PB=AB. 
Let P move up to and coincide with B; even now 
AP+PB=AB, for PB=0. Let P move through B to Q; 
_then PB diminishes to zero, when P is at B, and appears 
again on the other side of B, after PB=0. Following the 


bof 
R A P B Q 
Fie. 1. 


practice in Algebra, we could measwre QB by (—4). Now 
14+(—4)=10; so that measuring QB (i) according to its 

length, by 4; (ii) according to the side of B on which it lies, 
by prefixing the sign —, we could write 


De S01 27 are le eee (3) 
A 
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If P had moved to the left of A, say to R, then AP 
would pass through zero to AR, while PB would grow 
steadily to RB. We could then denote AR by (—5), 
putting 5 for its length and prefixing the sign —, to ex- 
plain that AR lies on the side of A different from AP. 
Now (—5)+15=10, so that we could write 


AKR+RB=AB. (1S niece (4) 

Starting from AP+PB= AB, it would be quite intelligible 
to read AP+PB=AB, 
AQ+QB= AB, 
AR+RB=AB. 


This may be summed up as follows: 

Rule. Jf A, B, P are any three points on a straight line, 
AP+PB=AB. 

And the meaning of AP, PB, AB could be given thus: 


On the line mark an arrow-head; if AP (or PB or AB), 
from A to P, follows the direction of the arrow-head, AP 
means the length of AP with the + sign prefixed; if AP 
(or PB or AB), from A to P, follows the direction opposite 
to that of the arrow-head, AP means the length of AP 
with the — sign prefixed. 


In Fig.1, AP=(+7), PB=(+3), AB=(+10); 
(+7)+(+3)=(410), | 
-. AP+PB=AB. 
AQ=(+14), QB=(-4), AB=(+10); 
(+14) +(—4)=(+10), 
AQ+QB=AB. 
AR=(-5),  RB=(+15), AB=(+10); 
(—5)+(15)=(+10), 
-. AR+RB=AB. 


The rule AP+ PB=AB is a general rule; it enables us 
- to be sure that a proposition, which depends on its use, is 


! 
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true, whether P lies between A and B or not, provided 


that, as we say, we attend to the convention of sign regarding 
AP, PBA. 


2. Origin and Axis of Abscissae. Let O be a fixed point 
on a line X’OX (Fig. 2). Let U be another point on the 
line on the same side of O as_X, and let the length of OU 
be one unit. The position of any point P on the line 
depends on two things, (1) the length of OP according to 
the scale OU =1, (2) the side of O on which P lies, whether 
the X-side of O or the X’-side. The length of OP, according 
to the scale OU =1, is specified by an arithmetical number, 
say 2:2. The side of O on which P lies is specified by 
pretixing to 22 the algebraic sign + or —; the sign + 
being prefixed if P lies on the same side of O as X, the 
sign — being prefixed if P lies on the same side of O as X’. 


The number with the proper sign prefixed is called the 
abscissa of P with respect to the origin O, so that any 
abscissa can be entirely represented by an algebraic 
symbol, x, for example; since x, in Algebra, may stand for 
any arithmetical number with the sign + or — prefixed. 
Such a line as X’OX is called an axis of abscissae, or simply 
an axis. OX is called the positive direction and OX’ the 
negative direction of the axis. The positive direction may 
be indicated. by an arrow-head. In Fig. 2 the abscissa of 
A is +1°5, or simply 1:5; the abscissae of B, C, D are 
—2°4, 24, —1°5 respectively. 

The abscissa of A is often denoted by OA ; in this sense 
OA has a double significance, for it signifies both the 
magnitude and the sign of the abscissa of A. The measure 
of the length of OA, according to the scale OU=1, gives the 
magnitude of the abscissa; the order of the letters is the 
equivalent of the sign of the abscissa. OA, like # in 
Algebra, entirely represents the abscissa. Similarly we 


_ write OB=—2'4, 00=2:4, OD=—15. 
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The measure of the length of OB is 2-4; the order of the 
letters, from O to B, signifies a motion in the negative 
direction of the axis; hence OB is entirely represented by 
— 2-4, 

If X’OX is an axis, and P. any point on it, we usually 
denote OP by 2. 


Ex. 1. Draw an axis of abscissae, choose an origin and scale unit, 
and mark the points whose abscissae are 2, —2, 1°7, —1°7, —3°2, 3. 


Ex>2. Plot with respect to an axis Y’OX, scale unit 1 in., the 
points 7=2, = —2°4, v= —3°2, r=2'8. 


3. Steps. Let A, B be two points on an axis, origin O; - 
then AB can be measured (1), according to its length, by a 
number ; (ii) by prefixing to this number the + sign or the 
— sign, according as the direction of AB, from A to B, is 
or is not the direction of the arrow-head on the axis, just 
as in §2. When AB is measured in this way, AB is called 
a step. It is clear that 


step AB=—step BA, 


or, simply, AB= —BA. 
Another important rule is 
AB=OB—OA, 


for every position of the origin O. 


First. Let OA, OB be both positive. In Fig. 3 (a), 
AB=6, OB=7, 0A=2. 


i EE eS Ro ot ine = 
—_ _+——_ +> 
O A Be B @) A 
(a) (b) 
Fig: -3. 
AB=0B—O0A; 


Second. Let OA be positive, OB negative. In Fig. 3 (0), 
AB=—5, OB=—3, 0A =2. 
AB=OB-OA. 
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Third. Let OA, OB be both negative. In Fig. 3(c), 
AB=7, OB=-—3, OA=—10. 


-10 a3 
A aeuaB ik 
Fic. 3(c). 
AB=OB-OA. 
Note also that AO+ OB == AB, 


A0O+0B+BA=0 
for every position of the origin. 


Ex. 1. If the abscissae of A, B, points on an axis, origin O, have 

the following values, find the measure of the step AB: 
(i) 3,5; (ii) —4, 2; (iii) 3, -2; (Gv) -1; -4 

Ex. 2.. If A, B, C, D, points on an axis, have abscissae —3, 4, —8, 
—1 respectively, prove that AB=CD. 

Ex. 3.’ If MW is the middle point of AB, where A, B are points on 
an axis having abscissae (1) 4, 6; (ii) 4, —6; (iii) —4,6; (iv) —4, -6; 
(v) a, 6, find the abscissa of J/ in each case. 


4. Position-Ratio. If A, B, P are three points on an 


axis, ae is called the position-ratio of P with respect to 
A, B. (Note that AP, PB are steps.) For example, in 
Fig. 4, 
4 1 1 11 
A POB 
‘ Fie. 4. 
AP=O0P—0OA =(—1)-—(—4)=3, 
PB=OB-—OP=1-(-1)=2, 
AP_3 
(IRE 
AQ=0Q-0A =11-(-4)=15, 
QB=O0B-—0Q=1-11=—10, 
ADs ae 78 
QB. -10. 2 
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Ex. 1.’ If A, B, P have abscissae 

(i) 2,-7, 53 Gi) 2, 7). 1030 Gil) =2.7) Be ative 
(v) —2, —7, —5, 
find AP/PB in each case. 


y Ex. 2. If A, B, P, Q, four points on an axis, have abscissae 
—1, 2, 1, 5 respectively, prove that AP/PB= —AQ/QB. 


5. First Section-Formula. If A has the abscissa 4 and 
B the abscissa 6, where A, B are points on an axis, and if 
ABis divided at P so that AP/PB=3/2, then we could 
plot the points A, B on an axis, on which a scale-unit had 
been chosen, construct or mark the point P and read off 
the abscissa of P. This can be done whatever be the 
abscissae of A, B and the position-ratio AP/PB. Hence 
there must be a rule for calculating the abscissa of P in 
terms of the abscissa of A, the abscissa of B and the 
position-ratio AP/PB. 


Rule. Let X’OX be an a-axis. Let the abscissae of two 
points A, B be x,, x, respectively, let P be any point on 


; AP in : : 
the axis and PAT then the abscissa x of P is found 
from the equation mee tnx, 


m+n 
Proof. See Fig. 5. 


O A Pes 8 
Fie. 5. 


AP=O0P—OA=«a-2,, 
PB=0B-—0P=2,—2; 


: AP-“-2a, 

7 PB 2,-a 
AP” 
But gos eee 
i: PBR" 
c—o,  ™M 
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2 NL—NXL,=MX,— ML; 

. (M+N)V=MA,+ N24, ; 
_ MX,+N2, 
m+n ~ 


Since only the general rule of §3 has been used in 


the proof, the rule holds whether «,, x, be positive or 
negative, and whether the position-ratio ~ be positive or 
negative. If P lies within AB, then is positive; if P 
lies without AB, ~ is negative. If then P denote the 


numerical value of the position-ratio, we have the double 
rule 
_ Past ge 


aa 1 for internal section, 


A iat a sy for external section. 
P-q 
Cor. If «,, x, are the abscissae of A, B and a the 
abscissa of the middle point, M, of AB, then ga as 


For we may put m=1, n=1. 


EXERCISES I. 


1. Find the abscissa of the middle point of the join of the 


points 3, 5. 
ee The point 3” is a contraction for “the point whose abscissa 


is 3.”) 

2. Find the abscissa of the middle point of the join of the points 
(i) —4, 2; (ii) —3, 5; (iii) —4, —2; (iv) 3, —5; (v) —3, —5. 

3. Find the abscissae of the points of trisection of the join of 
(i) the points 2, 7; (ii) the points —4, 5; (iii) the points —1, —4. 

4, A, B are the points 1, 5. AB is divided internally and 
externally at P, @ in the ratio 2/3; find the abscissae of P and Q, 
and calculate PQ. 


5. A, B, Care the points —2, 3, 4; calculate AC/CB. 


6. A, B have abscissae 2, 4, and AB is produced its own length 
through ’B to C; calculate AOC CB and the abscissa of C. 


A coer 
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7. A, B have abscissae 2, 4, and AB is produced its own length 
through A to D; calculate AD/DB and the abscissa of D. 


8. P divides the join of the points —3, 4 so that AP/PB=—2; 
find the abscissa of P. 


9. A, B have abscissae a, 6 respectively, and AB is divided at P 
so that AP/PB=(a—2b)/(2a—6) ; find the abscissa of P. 


10. If AP/PB=mln, prove that AP/AB=m[(m+n). 


1l. If AP/PB=), establish the formula oaths 


12.. If AP/AB=t, establish the formula 2=7,+¢(a2—2). — 


. 13. If A, B, M, P, Q are points on an axis such that Wf is the 
\“ middle point of AB and A P/PB= — AQ/QB, prove that MP. MQ= MA”. 
Prove also that peg alee 
AP’ AQ” AB 
14, A, B have abscissae x,, z,; and P and Q divide AB internally 
and externally in the same ratio. If PQ=d, find the coordinates of 
P and qQ. 


“15. A, B have abscissae v,, 7,; and P and @ divide AB internally 
and externally in the ratio m/n. Calculate P@ in terms of 2, 22, 
Mm, 1. ; 


16. A, B have abscissae 7, v7; and the position-ratios of P and Q 
with respect to A, B are m, x respectively. Calculate PQ in terms of 
Ly, Lo, My, 2. 


6. Uniform Velocity. Suppose a point to move on an axis ~* 
X’OX, unit 1 in., and let the following table be descriptive of the 
motion : 


Position of point - A B C D E 
w=abscissa of point | —7 —4 2 11 20 
t=time - - - i 2 4 7 10 > 


where the time, ¢, denotes the moment, reckoned in seconds from a 
certain zero, when the point is at A, B, C, ete. 

Then the point moves from —7 to —4 in 1 second, @e. moves +3 in. 
per second on an average, between A and B. 

Also the point moves from —4 to 2 in 2 seconds, ze. moves +6 in. 
in 2 seconds or +3 in. per second on an average, between B and C. 

‘Similarly it moves between any two of the specified points at an 
average rate of +3 in. per second. The sign + signifies that the 
motion is in the direction from X’ to YX. 
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If P, Q be any two points on an axis X’OX, unit 1 in., whose 
abscissae are v1, vy respectively ; if ¢,, ¢, denote the times, in seconds, 
when a point moving on the axis is at P, @ respectively, then 


L_y—2x , 
Son or fiaeh (for PQ=0Q-OP=.x,— x) is the average velocity of 
. 1 f —— aye 
the point between P and Q. If pare or “2—“1 ig constant and =, 


Br he aaa 2— a 44 
say, the point is said to have a uniform velocity v. If v is positive the 
es is in the direction from A’ to XY; if v is negative, from 
EX, to" A 
The equation of the uniform velocity, described in the above table, 


is 
Pn) AOC Mase ne tase sm abinecaetearce relyah (1) 
For, put x= —7 in equation (1). Then —7=—10+3¢ or t= 1 
x Z=-A 55 4 er —4=—10+4+3¢ or t= 2 
“- “= 2 a a ay 2=—10+3¢ or t= 4 
s ao rr Pe 11=—10+43¢ or t= 7 
» «= 20 a e e 20= —10+3¢ or ¢=10. 


Also, the velocity is uniform. For let v=, and-t=t, satisfy 
equation (1), and Jet v=xz, and t=t, also satisfy the equation. 


Then B= — 10 aShiig! see uslesocitenese coaveeaas aeaieas seek (2) 


From (3) subtract (2), 
By — Ly =3(ty— ty) 5 


Ly Dy _ 
te — ty 


But “2—1 ig the average velocity between the points specified by 


a ; 
21, %, and it is constant and equal to 3, whatever the points are ; 


therefore the motion specified by equation (1) is that of a point moving 
on the axis with uniform velocity +3, ze. moving in the direction 
from X’ to XY at the uniform speed of 3 inches per second. 


Rule. If the motion of a particle on the axis X’OX, unit 1 in., is 
given by the equation x=a+bt, ¢ being reckoned in seconds, then the 
particle is moving on the axis with a uniform velocity of b inches per 
second, and the time is reckoned from the moment when the abscissa 
of the particle is a. 


Ex. The motion of a point on the axis X’OX, unit 1 in., is given 
by the equation #=3-—2¢, when ¢ is reckoned in seconds; calculate 
(i) when the point is at the origin ; (2) where the point is initially ; 
(3) where the point is, 2 seconds after zero-time ; (4) where the point 


10 


is, 


the point has abscissa 5. 
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2 seconds before zero-time ; (5) the velocity of the point ; (6) when 


(1) Put «=0, 0=3-—2¢, t=13. The point is at the origin 14 secs. 


after zero-time. 


(2) Put t=0, v=3. The point has abscissa +3. 

(3) Put t=+2, v=3-—4=-—1. The point has abscissa —1. 

(4) Put ¢=—-2, r=344=7. - s. > 7. 

(5) We write 4,=3-2t,, 7,=3-—2t,, whence #,—x2,= —2(t,—¢,) or 


2 “l_ _9 The velocity is —2) ze. the point moves in the direction 
J ) P 


i,—t 


A 
from X to X’ at the uniform rate of 2 inches per second. 


(6) Put w=5, 5=3-2t, t=—-1. 1 sec. before zero-time. 


7. Second Section-Formula. Jf A, B, P are three points 


on the avis X’OX, if the abscissae of A, B are x,, a re- 


spectively and 


from the equation 


if f= t, then a, the abscissa of P, is fownd 


x=x,+(x,—x,)t. 


Proof. . See Fig. 5, p. 6. 
AP=O0P—OA=2-2,, 


AB=O0B-0A=2,—2,. 
But — ,=¢6; 


) C— 2, =(@,—2,)t; 
- L=%,+(x,—2,)t. 
Cor. The abscissa of the mid-point of the join of 2,, a, 


is 15% (Put t=4,) 


EXERCISES II. 


1. The motion of a point on X’OX, unit 1 inch, is specified by the 
equation v=3 + 4¢, ¢ being reckoned in seconds; find (1) the velocity of 
the point at every instant ; (2) the position of the point at zero-time ; 
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(3) the position of the point 3 seconds after and 3 seconds before 

ao ; (4) when, reckoned from zero-time, the point has abscissae 
al 

a. 


2. Find an equation to specify the motion of a point on the axis 
X’OX, unit 1 ft., if the point has a uniform velocity of +2 ft. per sec., 
and if the point has abscissa 1 at zero-time. (Time reckoned in 
seconds. ) 


3. Find an equation to represent the motion of a point on X'OX, 
unit 1 foot, if it has a uniform velocity of — 3 feet per sec., and its abscissa 
is 2 at zero-time. (Time reckoned in seconds.) ; 


4, At zero-time, a particle moving with uniform velocity on 
X’OX has abscissa 7,; one second later it has abscissa 2. Prove 
that, at time ¢ seconds, it has the abscissa x» where 

L=1+(%.—2,)t. 
5. Use the formula 7=.7,+(7%—.x))t to answer Exs. 1-3, p. 7. 
6. A, B have abscissae 2,3; and P and @ divide AB so that 


AP/AB=3/5 and AQ/AB=—2/5. Calculate the abscissae of P and Q 
and the measure of the step PQ. 


7. A, B, C have abscissae 2, —3, —5; calculate AC/AB. 
8. A, B have abscissae —2,—3. Find the distance between the 
points which divide AB internally and externally in the ratio 3: 4. 


9. P, Q divide AB internally and externaliy in the same ratio. 
Find the abscissa of Q in terms of 7%, %, t, if x,, v, are the abscissae 
of A, Band AP/AB=t. 


10. If A, B, C, D be any four points on an axis, prove that 
BC. AD+CA.BD+AB. CD=0. 


11. If A, B, C be any three points on an axis and 0 the middle point _ 
of AB, prove that A0?-OB?=2AB.0C. ~ i 
12. If A, B, CO, P be any four points on an axis and AP/PB=n/m, 

prove that 
m. AC?+n. BO?=m. AP?+n. BP? +(m+n) CP*. 


{cH 1 


CHAPTER II. 


RECTANGULAR AXES. COORDINATES. DISTANCE- 
FORMULA. SECTION-FORMULAE. LINEAR 
EQUATION. 


8. Rectangular Axes. Coordinates of a Point. In Fig. 6, 
let X’OX be an axis of abscissae. Let Y’OY be drawn 
perpendicular to X’OX. Then Y’OY may be used as a 
second axis, and OY taken as the positive direction of the 


Fie. 6. _ 


axis. Let OU, OV be the scale-units of the axes VOX, 
YOY respectively (in Fig. 6 the units are equal); let U 
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lie on the same side of O as X, and let V lie on the same 
side of O as Y. 

Let P be any point in the plane of the axes and let 
M, N be the projections of P on X’OX, Y’OY respectively. 
Since M lies on the axis X’OX, called the x-axis, the 
position of M is specified by OM. Similarly the position 

of NV on YOY, called the y-axis, is specified by ON. Let 
OM=« and ON=y; then the position of P is specified 
when # and y are known, and conversely # and y are 
~ known when the position of P is determined. 

OM or « is called the x-coordinate or abscissa of P; ON or 
y 1s called the y-coordinate or ordinate of P; wx and y are 
called the coordinates of P; X’OX and Y’OY are called the 
coordinate axes, and are rectangular axes; P is called the 


point (x, ¥). 


— Y- 
aes + T - i TI A 
2 
im ITHtQ 
L He 
1 
| [ fifa 
HEHE? 1 
ttt EES is 
x O : X% 
=1-4 
ars 
ae = pol 
“2G 
BIG i 


Clearly MP may be used instead of ON; for their 
lengths are the same and the direction from M to P is the 
same as the direction from O to JN, the positive direction 
being that of OY, the negative direction that of OY”. 
‘Hence if P is the point (#, y), OM=2, MP=y. In Fig. 7, 
Q is the point (1-4, 14), R is the point (—1°6, 0°6), S is 

- the point (—2°2, —1°6), 7’ is the point (3, —1°4). 
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The axes X’OX, Y’OY and the coordinates x, y are often 
called Cartesian axes and coordinates. 


Ex. 1. Draw rectangular axes X’OX, Y’OY; let the scale unit of 
each axis sen one centimetre. Mark the positions of the points (2, 3), 
(@, -3), (-2, 3), (—2, -1), (24, -1'8), (—1°2, 22). 


Ex. 2. Mark on another drawing of the axes of Ex. 1 the following 
pairs of points and calculate the distance between the points, verifying 
the calculation by measurement : 


(1) (1, 2) and (4, 6); (2) (—2, 2) and (1, 6); 
(3) (8, —1°5) and (—4, —6°5); (4) (—2°3, 3:1) and (1:2, —1°3). 


9. Distance-Formula. Let P be the point (2, y,) and Q 
the point (%,, y,), referred to chosen rectangular axes; then 
PQ= +V(x,—x,°+(¥, —¥2) 


Let M, N (Fig. 8) be the projections of P,Q on X’OX ; 
let PR, a parallel to X’OX, meet NQ in R. 


M 
Fic. 8, 
Then PR=MN=ON-OM =(a,—«,); 
*. PR =(e,—2,)*. 
Also RQ=NQ-NR=NQ—MP=(y,-y,); 
RY? = (Yo— 1). 
But PQ= PR 4 RQ; 
PQ = (x, — 2+ (Ye— Yi)"; 
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PQ= tN (w=, P+ Y.-H) 
“ay tN (@, — @, P+ (y= Yo). 

We have seen (§ 8) that a straight line parallel to either 
axis may also be used as an axis, its positive direction 
being that of OX or OY. When a line PQ is not parallel 
to either axis, the line may still be regarded as an axis, but 
its positive direction has no dependence on the positive 
direction of OX or OY; hence the ambiguity of sign in the 
distance-formula. In the meantime, let us agree that the 
positive direction of such an axis be the direction of motion 
of a point which travels along the line so that its abscissa 


Fig. 


steadily increases. Thus, in Fig. 9, the positive directions 
of the lines are as indicated by arrow-heads. With this 
z convention 


a Yo)" 
PQ=(#,—%,) af 1+ nA = = 
in sign and magnitude, the positive value of the root being 
_ understood. . 
Note that OP=+Va,?+y,?. In sign and magnitude 


OP =2,J14+y,"/2,’. 
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Ex. 1. Calculate, by the formula, the distance between the follow- 
ing pairs of points ; 

(1) (1, 2) and (4,6); (2) (—2, 2) and (1, 6); 
(3) (8, =1°5) and (—4, —6°5). 

Ex. 2. A, B, P are'three collinear points ; calculate the sign and 
magnitude of AP/PB and AP/AB when 4A, B, P have the following 
coordinates respectively : 

(1) (1, 2), (2, 2), (3, 2); (2) (2, —1), (2, 1), (2, 2); 
(3) (1, 2), (3, 6), @, 4); (4) (1, 2), (3, 6), (4, 8). 

Ex. 3. Show that the points (2, 5), (5, 2), (6, 6) are the vertices of 
an isosceles triangle. 

Ex. 4. Show that (2, —2), (5, 2), (—2, 1) are the vertices of a 
‘right-angled triangle, and find its area. 


. Ex. 5. One end of a line whose length is 13 is the point (—2, 6); 
and the ordinate of the other end is 1. What are the possible values 
of its abscissa ? 
Ex. 6. Show that the following points lie on a circle whose centre 
is the point (3, 4) and whose radius is 5: 
(8, 4), (7, 7)s (6, 8), (0, 8), (—1, 1), (3, = 1). 
Ex. 7. Calculate the sides and diagonals of the quadrilateral whose 


vertices are (3, 2), (—1, 3), (0, 0), (4, 0); and test your results by 
measurement. 


_ Ex. 8. If (#, y) is any point which lies on a circle, centre (2, 3) and 
radius 4, prove that #?+4?-—4x7-6y-—3=0. 


10. First Section-Formula. Jf fiwed points A, B have 
coordinates (a, Y,) and (#2, Y) respectively, and if a 
variable point P in the AB-axis have coordinates (a, y), 
then we may write 
xe tx, : _my,+ny, 

m+n °’ ~ m+n 
where AP/PB=m/n (-=—1). 


Proof. Let F, H, M (Fig. 10) be the projections of 
A, B, P respectively on X’OX ; 


let G, K, N be the projections of A, B, P respectively 


> 


Ons Os 
let AG meet MP in Q and HB in R; 
let AF meet VP in S and KB in T. 
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Then AP_AQ_ FM. 
PBaQh au’ 
therefore eG 
n OH-OM a,-«. 
NL — NL, = ML, — ML 
or (M+N)X=ML,+ NA, 5 


MM Na 
and therefore pe 
m+n 


so that 


% 


“f 
wal 


[I | Vv ee ise 
Fic. 10. 
TW aiee Ve hs GH. JON— 0G. 
PE SE. NK OK—ON 
so that Ch Sia 
: Ut Yoel, 
MYT NY, 
Me one 


Similarly, 


and therefore  y 


S Cor. The coordinates of the middle point of AB are 


@ +H, Yt 
Or ee as) 


G.A.G. B 
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EXERCISES III. 


1. Find the coordinates of the middle point of the join of (2, 3) 
and (4, 5). ay aoe 
_ tay 244g, , ite ete 

Jaye ORL =33 y= joa eee EF 4, 
The coordinates of the middle point are (3, 4). 
2. Find the middle point of the join of (—4, 7), (2, —3). 


3. Find the points of trisection of AB where A is the point (2, 3) 
anc B is the point (4, 5). 
Using the formulae, put m=1 and n=2, then m=2, n=1. 


. 4, If A, B are the points (—1, 4) and (5, —2) respectively, find 
the coordinates of P (1) when AP/PB=1, (2) when AP/PB=2, 
(3) when 4P/PB= —2, (4) when AP/PB= — 4/3. P 


5. A, B are the points (—2, 5), (7, 1). Find the coordinates of 
P, Q which respectively divide AB internally and externally in the 
ratio 3/2. Calculate the length of PQ. 


6. A, Bare the points (8, —5), (—6, 2); and P divides AB so that 
AP/PB= —2/3. Calculate the lengths of AP and PB. 


7. A, B are the points (11, 0) and (—10, 0); and C is the point 
(—5, 12). The internal bisector of angle C of triangle ABC meets 
AB in P. Calculate (1) 4P/PB, (2) the abscissa of P, (3) the length 
of PC. 


8. A, B, C are the points (—13, 0), (15, 0), (—5, 15) respectively. 
The in- and ex-bisectors of the angle C of triangle ABC meet AB 
in P and Q respectively. Calculate the lengths of PQ, PC, QC. 


9. A, B, C are the points (2, 3), (7, —5), (—4, —8). Calculate the 
coordinates of the centroid of triangle ABC. 


10. Prove that (Stott “” th an 2)) is the centroid of the 
triangle whose vertices are (x, 7), (®25 Y%); (#35 Ys) 

11. If A, B, C are the points (5, 0), (—5, 0), (3, 6) and (, y) is any 
point P in their plane, prove that 


PA? + PB+ PC? =GA2+ GB? + 40243 PG, 
where G is the point (1, 2). 


12. If A, B, C are the points (a, 0), (—a, 0), (0, c), and P is any 
point on the wv-axis such that A P/PB=n/m, prove that 


m.AC?+n.BO?=m. AP?+n. BP? +(m+n). CP 


13. If P, @ are the points («cos @, bsin 6), (—asin 6, bcos 6), prove 
that OF? + 0G =a?+b?, where 0 is the origin. 


“4 
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11. Component Velocities: Resultant Velocity. Can a moving 
body be travelling in two different directions at one and the same 
time? Can a balloon be said to be travelling forwards and upwards 
at the same time, or must we say that it is travelling in just one 
slanting direction at any time? If a man walks from the front 
towards the rear of a corridor train travelling west, is he moving both 
east and west at the same time or is he simply still travelling west ? 
If a ring is rolled along a table, is a point on the ring going round and 
also going forward at the same time? If a little lamp were placed on 
the ring and the ring rolled along a table in a dark room, so that an 
observer did not know how the motion was produced,-would he 
dream of saying that the lamp was going round and also going 

forward; would he not say simply that the lamp was moving side- 
ways down to or up from the floor ? 

The two possible answers, yes and no, to these questions seem to be 
contradictory ; but they are not contradictory. It is true enough to 
say that the balloon is moving forwards and upwards at the same 
time ; it is equally true to say that it is going in one definite slanting 
direction at any moment. 

To avoid confusion, however, we say that a body may have two 
(or more) component motions or displacements at one and the same 
time, or a single resultant motion or displacement at any one time. 
If a point is moving in the plane of the axes X’OXY, Y’OY we are 
free to consider its component motions in the directions of A’OX 
and Y’OY separately with the object of answering any question about 

| the motion. 
For example, let the curved line AB in Fig. 11 represent a telegraph 
wire suspended from A and B, and running alongside a railway line 


CD; the line AB is curved because of the sag in the wire. Let a train 
A 
iz i @) B 
Cc D 
. Fie, 11. 


be supposed to move from C to ) with uniform speed w, and let a 
) passenger seated in the train watch the wire as he passes. Let us 
further suppose that a particularly energetic fly travels along the 
wire from A to Bso as to be always opposite to the passenger. When 
the fly is at P its resultant velocity is in the direction of the tangent 
to the wire at P, which slopes downwards. Now, applying the notion 
of component velocities, think of the fly when at P as moving forwards 
} horizontally and downwards vertically at one and the same time, 
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instead of moving in the direction of the tangent. Since the fly keeps 
opposite the passenger its horizontal motion must keep pace with that 
of the passenger ; the fly therefore moves horizontally forwards with 
velocity wand vertically downwards with a velocity that we may call v. 
Now it is a matter of common observation that if two trains move 
side by side with the same velovity a passenger in one would think a 
passenger opposite to him in the other was not moving at all ; they 
have no relative velocity. Hence the fly when at P must seem to the 
passenger to be falling vertically downwards; at Q, on the other hand, 
the fly would appear to be rising straight up. 

The illustration shows how a body which is moving with a definite 
velocity may be regarded as having two or more component velocities 
of which the definite velocity is the resultant. The resultant velocity 
may be regarded as a constraint velocity, the component velocities as 
freedom velocities. 


12. Parallelogram of Velocities. Let a moving point, when 
at O, the origin of the axes X’OX, Y’OY, have a component velocity 
of 2 inches per second in the direction Y’OX and a component velocity 
of 1 inch per second in the direction Y’OY, and let it move for a 
certain time, its component velocities remaining the same during that 
time (Fig. 12). At the end of half a second it will arrive at the 


lig. 12. 


position @ (1, 3); at the end of one second it will arrive at the position 
P (2, 1); at the end of ¢ seconds it will arrive at the position (2¢, 2). 
All these positions are on the straight line OP or OP produced. 
Hence if OM, ON be cut off from the axes to represent the component 
velocities the diagonal OP of the rectangle 0MPW will represent the 
resultant velocity. If OX, OY are not at right angles a parallelogram. 
OMPN would replace the rectangle. Hence a uniform velocity in the 


plane of the axes may be replaced by two component uniform velocities 
in the directions of the axes. 


13. Freedom Equations: x=a+bt, y=c+dt. 


_Any component uniform motion along the axis X’OX is specified 
($6) by the equation x=a+bt, a being the abscissa of the moving 
point at zero-time, and 6 the velocity. 
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Any component uniform motion along Y’OY is specified by the 
equation y¥=c+dt, ¢ being the ordinate of the moving point at’ zero- 
time, and d the velocity. 

Hence if a point move with uniform velocity along any straight 
line in the plane of the axes X’OX, Y’OY, the motion is completely 
specified by the freedom equations 


a=a+bt, y=c+dt. 


14. Second Section-Formula. J/ fixed points A, B have 
coordinates (x, Y,), (La, Yo) respectively, and if a variable 
point P in the AB-uxis have coordinates (a, y), then we 
may write 

x=x,+(x,—x,)t, y=y,+(y.—y,)t, 
where t=AP/AB. 

Proof. In Fig. 10, 


AP AQ FM OM-OF 
AB AR FH OH—OF 


ALP OM— OF. C—H, . 
But AB aE and OH—OF  «,—2, 
Lise 
Ly—Xy 
*, C=H,4+(%,—2,)t. 
Similarly, Y=Yzt+ (Yo Yr 


Cor. The coordinates of the middle point of the line 
(Ai% its) 
ek 


joining the points (7, y,) and (a, y,) are 
Put ¢=—1/2.| 
a oints (—2, 3) and (5, —1) respectively, 
Asm ae OSD eas yp a * nel see 5 6) pid 
AP/AB= —3/2. 
Ex. 2. If (x, 7) are the coordinates of any point on the line joining 
(2, 1) and (5, 3), prove that 27 —3y=1. 
Put: c=27,+(4,—4,)t=2+32, 
Y= + Yo-—W)t=14 2t. 
Now ¢ is the same number in both of these equations. From the 
first, ¢=(#—2)/3, from the second t=(y—1)/2. Hence 
B= 


1 
3 Pn 


te. 24—By=1. 
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Ex. 3. If (w, y) is any point on the line joining the points (—3, 1), 
(1, —5), then 32+ 2y7+7=0. 

Ex. 4. If (x, y) is any point on the line joining the points (3, 4), 
(—4, —2/3), prove that 2a —3y+6=0. 

15. The equation Ax+By+C=0. 

If (a, y) is any point on a given straight line, then 
Av+By+C=0; where A, B, C are constants which wrise 
in specifying the line. 

Let the line be specified by fixing two points on it, and 
let these points be (@,, y,) and (%,, Yp). 

Then (§ 14) we may write 

= 2, +(#,—x,)t, 
Y=AwA+Yo—yt 

or 60 =e hyena iw pues (1) 
Of OA OA,» nck inex inet Sak es (2) 


where a, 6, c,d are constants arising out of the specification 
of the line. 


From (1), da=ad + bdt, 
pag 4? by=be +bdt; 
subtract : da — by =ad —be, 
1.0. da+(—b)y+(be—ad)=0, 
which may be written 
Azv+By+C=0. 


An equation of the form Avw+By+C=0, where A, B, C 
do not depend on @, y, is called an equation of the first degree 
in #, y or a linear equation in a, y. 

Hence we may enunciate the theorem of this section as 
follows : 


The coordinates (x, y) of every point on a straight line 
satisfy an equation of the first degree in x, y. 


Ex. 1. If (w, 7) is any point on the straight line given by the two 
points (2, 1) and (3, 3) on it, prove that 2r—y—3=0. Verify the 
equation when (x, 7) is (1) the point of bisection of the line joining the 
points (2, 1) and (3, 3); (2) either point of trisection of the line joining 
the points (2, 1) and (3, 3). 


S$ 15, 16] EQUATION OF A STRAIGHT LINE. 23 


Ex. 2. Prove that the equation 2x+y=5 is satisfied by the 
coordinates of every point in the line joming (2, 1) and (—1, 7). 
Calling these points A, B respectively, verify that the coordinates of P 
satisfy the equation 

(1) when AP/PB=1; (2) when AP/PB=-—1/2; 
(3) when AP/A B= —1/2. 

Ex. 3. A particle starts from the point (a, b) and travels so that its 
component velocities parallel to Y’OX and Y’OY. are the constants 
u, v; prove that the coordinates of its position at any time during the 
motion satisfy the equation vv—wy=va—ub. Why do «r=a+t+u, 
y=b-+ satisfy the equation? (See §§ 6, 13.) 

Ex. 4. Prove that the points (1, 3), (5, —1), (—2, 6) are collinear. 

Let (x, y) be any point on the join of (1, 3), (5, —1); then v+y=4. 
But (—2)+6=4; -. ete. 

Ex. 5. Prove that the four points (—2, 3), (2, 7), (4, 9), (—1, 4) are 
collinear. 


16. The Equation of a Straight Line. It has been seen 
(§ 15) that the coordinates x, y of any point on a given 
straight line satisfy an equation of the first degree in @, y. 
This equation is called the equation of the straight line. For 
example, the coordinates of any point on the straight line 
passing through (2, 1) and (5, 3) satisfy the equation 
2a—3y=1 ($14, Ex. 2). 2a—3y=1 is the equation of the 
straight line passing through (2, 1) and (5, 3); we also, for 
shortness, speak of “the straight line 2e—3y=1” instead 
of “the straight line whose equation is 27—3y=1.” 

The equations 


B=, +(y—%)t, YHYi+Yo—Y)t 
or x=a-+bt, y=ct+dt 
are called the freedom equations of a straight line. Thus 
e=2+3t, y=1+2t 
_ are freedom equations of the line whose constraint equation 
of 90 —3y =1. 
The following examples will show how the specification 
of a given straight line is translated into an analytical 
; equation ; and, conversely, how a linear equation in @, y 18 
represented by « straight line. 
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Ex. 1. Find the equation, referred to chosen or assigned axes and 
scale units,* of the straight line passing through the origin and the 
oint (3, 5). 
2 Let the axes and scale units be those of Fig. 13. Let A be the 
point (3, 5) and P any point («, y) on the line OA, whose equation is 
required. 


TWH 


tH 
) A a 
{ 


Fig. 13. 


Let BA, MP be the ordinates of A, P. 
Then As OAB, OPM are similar. 
_ MP_OM 
“BAT OR eee (1) 


This equation is true in sign as well as magnitude for every position 
of P, since MP and OM have always the same sign, and BA and OB 
are positive, 

But, in sign and magnitude, MP=y, BA=5, OM=x, OB=3 
Substituting these values in (1), we have 


LL 
5 3? 
. 5a=3y. 


Hence the coordinates of any point on the line satisfy the equation 
5a2= dy 
7.e. 50 = By is the equation of the line. 
(Note that the equation is satisfied if «=0, y=0, and also if #=3, 
y=5.) . 
* This clause is usually left to be understood. 
»* 
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Nate ee the ie (0, 2) is drawn a straight line parallel to 

‘algnht line passing through the points (0, 0) : ; 

the equation of the parallel, : EY 
Let the axes and scale-units be those of Fig. 14. Let P be any 

point (z, y) on the parallel, 4/P the ordinate of P, cutting the line 

joining (0, 0) and (3, 5) in Q; let C be the point (0, 2). 


Fie. 14. 


Then MP=MQ+YP, for all positions of M, Q, P (§ 3). 
iat MPM OCs Totus teindaiedotena > «ov cia. doeiie Sesh (1) 
Now, by Ex. 1, the equation of OQ is 5v=3y, 
. 5OM=3NQ, 
. MQ=3-OM. 
Substituting in (1), we have 
MP=3,-0M+0C. 
But MP=y, OM=x, OC=2. 
 y=ee+2, 
. 54a—3y+6=0, 
ze. the coordinates of any point on the parallel satisfy the equation 
5a—3y+6=0. 
. 52 —8y+6=0 is the equation of the parallel. 
(Note that the equation is satisfied if r=0, y=2.) 
Ex. 3. Find the equation of the straight line passing through the 


points (2, —3) and (4, —6). ; 
Let (x, y) be any point on the line. 
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We have (§ 14) L=H, + (4 —2X})t, 
Y=NtY2- yt. 
Therefore e=%+4+(4—2)t=24 21, 


y= —34+(-64+3)t=—-3-34, 
so that 37+2y=0 is the required equation. 


Ex. 4. Axes and scale-units being chosen, draw the straight line 
represented by the equation 27+3y7+5=0. 


When w= - 4, —8+3y+5=0; .~. y=l1. 
When x=5, 10+37+5=0; . y=—5. 


Hence (—4, 1), (5, —5) are on the line required. Plot these two 
points and draw a straight line through them. The method is thus 
simply : choose any two convenient values of «, calculate from the 
equation the corresponding values of vy, and then plot the two points. 
Care should be taken to select points not very close to each other, and 


it is often useful to plot three points as a test of the accuracy of the 
drawing. 


EXERCISES IV. 


1. The equation of the parallel to Y’OY through the point (— 2, 0) 
is ¢+2=0. 


2. The equation of the parallel to Y’OY through the point (3, 4) 
is o=3. 


3. What straight lines are specified by the equations #=1, 
v+1=0, y+2=0, axes and scale-units being previously assigned ? 


4, What is the equation of the locus traced out by a point which 
starts from the position (0, —3) and moves parallel to the a-axis ? 


5. The equation of the bisector of the angles XOY, X’OY’ is 
v—y=0. 


6. If the scale-unit of the z-axis is one inch and the scale-unit of 
the y-axis half an inch, draw the line whose equation is v—y=0. By 
Example 5 the equation «—y=0 represents the bisector of the angle 
XOY; does the line you have drawn bisect the angle YOY? Show 
that the line you have drawn should have for its equation, 7f the scale- 
units were the same for the two axes, x —2y=0.* 


7. The equation of the bisector of the angles YOX', Y’OX is 
wt+y=0. ; ' 


8. The equation of the straight line joining the origin to the point 
(2, 3) is 8a =2y. 


_*This example shows how a diagram is distorted when the scale-unit of 
the x-axis is different from that of the y-axis. If a diagram is not’ to be 
distorted the two scale-units must be the same. 
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_ 9. 4 is the point (3, 4) and 0 is the origin. The equation of OA 
1s 4r=3y. 

10. The equation of the line joining the origin and (—2, 3) is 
3x +2y=0. 


Al. Prove that the equation of the parallel through (0,1) to the 
bisector of the angle XOY is y=ar+1. 


_ 12. Through the point (0, 2) is drawn a straight line parallel to the 
line joining (0, 0) and (3, 4). Prove that the equation of the parallel 
is 4.7—37+6=0. 

Let P (vr, v7) be any point on the parallel. Let MP, the ordinate . 
of P, cut the other line in Q. 


Then y¥=MP=MQ+QP 
=5.0M+2. 
. By=4r+6. 


13. The straight line through (0, —1) parallel to the bisector of 
the angle YOY’ is represented by the equation #+y+1=0. 


14. Prove that the equation 47—37—4=0 represents the parallel 
through (1, 0) to the line joining the origin and (3, 4). 

15. The equation to the: parallel through (—3, 0) to the line joining 
(3, 4) to the origin is 47 -37+12=0. 

16. Prove that the straight line 27—3y=7 passes through the 
point (2, — 1). 

17. Which of the points (2, 1), (—2, —2°5), (—5, —4), (—1, 2) lie 
on the straight line 7—27y=3? 


18. The perpendicular through the origin to the line joining the 
origin to (3, 4) is represented by the equation 37+4y=0. 

If A is the point (3, 4) and 7 any point (7, y) on the perpendicular 
through O to OA, and if BA and MP are the ordinates of A, P, then 
As OBA, PMO are similar. 

19. Find the equation of the straight line joining (2, 3) and (3, 5). 

20. Prove that 37+4y=7 is the equation of the straight line 
joining (1, 1) and (9, —5). 

21. Which of the following points do and which do not Jie on the 

_ line 2u — 3y=5 oi, 2), d, ei 1), (2, — 3), (-2, =), (3, 3), (-3, — 3), 
an (7, 3). 
22. Draw the straight lines whose equations are 
(i) ¢+y=2, (ii) 2a—3y=5, (iii) 83a@+4y=7, 
(iv) 7—2y=1, (v) 2a—y+3=0. 
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CHAPTER III. 


GRADIENT OF A STRAIGHT LINE. OBLIQUE AXES. 
POLAR COORDINATES. AREAS. 


17. Gradient of a Straight Line. It has been agreed 
already (§9) that the positive direction of a straight line 
not parallel to either axis of coordinates is the direction 
in which a variable point (a, y) on the line travels when 
«x increases. By the angle which a straight line makes with 


Hae 
cH 


the a-axis, let us mean the acute angle @ measured from the 
positive direction of the w-axis to the positive direction of 
the line. If the line slopes up from left to right, @ is a 
positive acute angle; if the line slopes down from left to 
right 6 is a negative acute angle. By the gradient of the 
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line we mean tan @. Since the tangent of a positive acute 
angle is positive, and the tangent of a negative acute angle is 
negative, the gradient of a line may be positive or negative; 
it is positive when the line slopes up from left to right and 
negative when the line slopes down from left to right. 


Ex. 1. Find the gradient of the line joining the points (2, 3) 
and (4, 4). 
In Fig. 15, let A, B be the points (2, 3) and (4, 4). 
Let the parallel to X’OX through A meet the ordinate through B 
in C. Then 6=angle measured from AC to AB; 
. tan @= 25-5 3d 
ACU 4-2 2 
.. the gradient of the line is 1/2. 
We may say the line rises 1 in 2. 


Ex. 2. Find the gradient of the line joining the points (—5, 2) 
and (7, —4). 

In Fig. 16, let A, B be the points (—5, 2) and (7, —4). 

Let the parallel to X’OX through A meet the ordinate through 
Bin C. 


Then O=angle measured from AC to AB. 
. tan g-% (CB is negative, AC is positive) 


-6 1 
=F Se 
. the gradient of the line is —1/2. , 
We may say the line fads 1 in 2. 
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Ex. 3. Prove that the gradient of the line joining 
(i) (3, 4) and (5, 7) is 3/2, (ii) (—3, 4) and (5, —7) is — 11/8, 
(iii) (0, 0) and (1, 2) is 2, (iv) (0, 0) and (—4, 3) is —3/4. 


18. Formula for Gradient. The gradient of the straight 
line passing through the points (a, y,) and (a, Yo) 
(Yo— Y1)/(®2— @}).- 

First. Of x, and a,, let x, be the greater. 

Let A be the point (a,, y,) (Figs. 15, 16). 

aS. £5 ochre, 3 Lo, Yo) 

Let the parallel to XOX through A meet the ordinate 
through B in C. 

Then, since #, 1s greater than 2, 

the direction AB is the positive direction of the line, 

the direction AC is the positive direction of the «-axis ; 

therefore 0, the angle which the line makes with the 
x-axis, is the angle measured from AC to AB. 


. tanéd= 


J 


on s Saas d wird 
Ao’ 1 sign an magnitude. 


‘Now let HA, WB be the ordinates of A, B. 
CB=KB-—KC=KB-—HA=y,-y,;3 
AC=Hk=O0K—OH=2,-2,. 


_CB_Yy-% 
: tan an en 


But the gradient of the line is tan 6 ($17). 
.. the gradient of the line=”2—%, 


ry — Wy 
Second. Of a, and a, let «, be the greater; then, by 
above, 
the gradient of the line = 12 _ Ya 1. 
Ly— Hy, Ly—B, 
anes the formula always holds. 
or example, let (a, y,) be (—5, 2), and let (a, y,) be - 
(7, —4). Then the gradient of the line joining these points 
gta th_ 4-2 1 
%,—#, 7T-(—5) 2 


ae Find, by the formula, the gradients of the lines in Ex. 3, 
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19: Parallel Lines and Perpendicular Lines. 

_ Let m,, m, be the gradients of two straight lines. If the 
lines are parallel m,=m,, if the lines are perpendicular 
m,m,= —1; and conversely. 

Let the lines make with the w-axis angles 6,, 0, ($17). 
If the lines are parallel, 0,= 0, ; 
therefore tan 6, =tan 6,, 
that is, Wi le 

If the lines are perpendicular, one gradient is positive, 
the other is negative. Hence the product of the gradients 
is negative. It remains to show that the product is 
numerically equal to unity. 


Let the lines cut the z-axis in A, B and one another 
in C (Fig. 17). 


+ ¥ 


Fig. 17. 
: : BC 
Then, numerically, one gradient = AG 


: eee 
numerically, other gradient = BC’ 


Therefore, numerically, product of gradients=1. 
But we have seen that the product is negative in sign. 
7. mm,= —1. 
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EXERCISES V. 
Draw a line through the origin which rises 3 in 4. 
Draw a line through the origin which falls 7 in 8. 
Prove that the join of (1, 2) and (4, 7) rises 5 in 3. 
Prove that the join of (—2, —5) and (4, —3) rises 1 in 3. 
Prove that the join of (—3, —4) and (2, —5) falls 1 in 5 
What are the gradients of the lines in Exs. 1-5? 


Prove that the line joining (7, 4) and (v9, 7/2) rises (Y- 4) in 
(> ~x,), i in algebraic measure. 


8. Prove that the line joining (0, 0) and (3, 1) is parallel to the 
line joining (—3, —6) and (3, — 4). 
9. Prove that the join of (0, 0) and (5, —1) has the same gradient 
as the join of (—2, —3) and (3, —4). 
10. Prove that the three points (0, 3), (2, 7), (8, 9) are collinear. 


11. Prove that the three points (—4, 6), (1, 1), (6, —4) are 
collinear. 


12. Prove that the join of (0, 0) and (4, 7) and the join of (0, 0) 
and (7, —4) are perpendicular. 


13, Prove that the join of (3, 2) and (7, 9) and the join of (3, 2) and 
(10, — 2) are perpendicular. 


14, Prove that the join of (—4, 7) and (2, 5) and the join of 
(—3, —5) and (—2, —2) are perpendicular. 


15. Prove that (2, 1), (6, 8), (9, —3) are three vertices of a rectangle, 
and find the fourth. 


*16. Prove that the straight line y= #z rises 3 in 4. 
17. Prove that the straight line y= — {a falls 7 in 8. 


18. Prove that the straight line y=mw passes through the origin 
and has a gradient m. 


Va pak eee 


19. Draw the straight line whose equation is 


(1) y=2r 5; (2) y=Re5 (8) y=—fx; (4) Be-4y=0; 

(5) 4v+5y=0. 
20. Find what straight line is represented by the equation % = > 
By the formula, gradient =” a a, ‘1, we see that the sees of the 


line joining (2, 3) and (7, v) is 4, -. the join of (2, 3) to (7, v) rises 
1 in 2, .. if we draw through (2, 3) the straight line which rises 


*The student who finds Exs. 16, 17, etc., difficult should read §§ 23, 24. 
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1 in 2, (w, y) must lie on this line. Hence this is the line represented 
by (y—3)(v—2)=. 
21. Find what straight line is represented by the equation 
(The straight line through (3, 2) of gradient 3.) 


22. Find what straight line is represented by the equation 
y—1=}(a-3). 


See wil 


“4-3 3 


23. Prove that the equation Y-3_3 represents the straight line 


which is drawn through the point (0, 2) and has gradient 3. 

24, What straight lines are represented by the following equations: 

y 7 3 1 . * 1 , 1 3 
(Des 5% (2) y-2=50; (3) y=57t+1; 4) y= get; 
(5) y= —24-37 

25. Prove that the points (1, 2), (—5, —2) lie on the straight line 
represented by the equation 2v—37+4=0. 

26. Which of the following points lie and which do not lie on the 
line whose equation is 3v—y=7 ; viz.: 

(0, 4), (-3, — 10), (2, —1), (=, —2), (=7; 4), (3, 2)? 


27. Prove that the straight line es -7=3 passes through (1, 2) and 
has a gradient 3. G 

28. Find the equation of the straight line through (2, 3) of 
gradient 14. 

29. Find the equation of the straight line through (0, c) of 
gradient m. 

30. Find the equation of the straight lines through 

(i) (2, 5) of gradient — 4 ; (ii) (—3, —2) of gradient $ ; 
(iii) (—4, 2) of gradient 3; — (iv) (5, —3) of gradient — 2. 
-. 31. Prove that the equation of the straight line through (2, y,) of 
gradient m is (y—y,)/(v—2,)=m. 

32. The vertex A of a triangle is the point (2, 5) and the gradient 
of the base BC is 4, find the equation of the perpendicular from 
A to BC. 

33. A, B, O, the vertices of a triangle, are the points (—5, 2), (1, 7), 
(3, —2) respectively. Find the gradients of BC, CA, AB and _ the 
equations of the perpendiculars from the vertices to the opposite sides, 

34. A, B, C, the vertices of a triangle, are the points (7, 2), 
(—5, —2), (1, —9). Through A, B, Care drawn parallels to BC, CA, 
AB respectively ; find the equations of the parallels. 

* 35. Prove that (—1, 1), (5, 3), (11, 9), (5, 7) are the vertices of a 
_ parallelogram, and find the lengths of its diagonals. 

Cc 
G.A.G. 


a 
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36. Prove that (—1, 1), (2, 5), (—5, 4) are the vertices of a right- 
angled triangle, and find the length of the hypotenuse. 


37. Prove that (2, —3), (6, 1), (2, 5), (—2, 1) are the vertices of a 
square. 


38. If P, Q are the points (a, b), (—b, a), prove that OP is equal and 
perpendicular to OY, where O is the origin. 


39. If P, Q are the points (a, b), (6, — a), prove that OP is equal and 
perpendicular to OQ, where 0 is the origin. 


40. If P is the point (3, 2) and if PQ is drawn perpendicular and 
equal to OP (where O is the origin), find the coordinates of Q. 

41. If P is the point (a, 6) and PQ is drawn perpendicular to and 
equal to OP (where 0 is the origin), find the coordinates of Q. 


42. If P, Q are the points (a, 6), (c, d) respectively and PR is 
drawn perpendicular and equal to PQ, find the coordinates of R. 


20. Oblique Axes. It is sometimes convenient to take as 
axes of reference two lines X’OX, Y’OY that are not at 
right angles; the axes are then said to be oblique.* The 
angle, w say, between the axes is the angle through which 
X’OX must be turned in order 
to be brought into coincidence 
with Y’OY. (Fig. 18.) 

The only change on the con- 
struction of $8 is that PY is 
drawn parallel to the y-axis (not 
perpendicular to the w-axis) and 
PN is drawn parallel to. the 
x-axis (not perpendicular to the 
y-axis) If OM=NP=a and 
ON=MP=y, then @ is the 
abscissa and y the ordinate of 
Fig. 18, P. The nomenclature is the 

. same as that of §8. 

If LZ is the projection of P on X’OX and OL=a’, 
LP=y, then x’, y’ are the coordinates of P with reference 
to XOX, and the axis through O perpendicular to X’OX ; 


obvious] , : ‘ 
bviously W=L+YCSH, YHYSNO.  oeeeseecceeeee (1) 
=a —y' cotw, Y=Y! COSEC W.......0..0e seta) 
* This article may be postponed till Chapter IV. has been read, 
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The Section-Formulae of $§10, 14 are easily seen to be 
true for oblique axes, and the proof given in §15 that the 
equation of the first degree represents a straight line is 
also applicable when the axes are oblique. When the 
equation of the straight line is written in the form 


Y=ML+C 
the coefficient m is not equal to tan 6, where @ is the angle 
which the line makes with the w-axis (§17). If in Figs. 


15, 16 we suppose the axes to be inclined at the angle o, 
then m is, exactly as in §18, equal in sign and magnitude 


t Now, by the sine-rule for triangles we have, so far 


CB 
° AC 
as magnitude is concerned, 

CB sinCAB 
AQ’ sin ABC 

When @ is positive, ~ABC=#—6; when @ is negative 
the numerical value of -CAB is —0@, and cz ABC is the 
supplement of »—@. In both cases we have, in sign and 
magnitude, 


_OB__ sind 

| m= AG sin (o— 8) 

The equation of the line through (#,, y,) making the » 
angle @ with the z-axis is, 

sin 6 


Y~ I~ sin (o— 8) (x—«,). pce eescercesecsens (3) 


If w=90° the axes are rectangular, and we get tan @ as 


the coefficient of (@ —2,). 
The equation y’=« tan@ in rectangular coordinates 


becomes, by equation (1), 
y Sin w= (“+ Y COS w) tan 8, 
that is,. y (sin w cos 8 —cos w sin 6) =a sin 0, 
sin 0 
or Y= sin w=)” 
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We have thus another proof of the value of m in terms 
of @and. It may be noted that 


ae ives tan 0= tec 
~ gin (w —@) 8 1+ COs w 


The expression for OP? (Fig. 18) is 
OP?=0M?+ MP?—20M.MP cos OMP 
= 02 +-y* + LLY COB W, ..cccececseneeser naeeenese (4) 


because in that figure ~OMP=180°—w. The student will 
find that this formula holds for all positions of P; if w is 
acute, the angle OMP of the triangle OMP is obtuse or 
acute according as OM and MP have the same sign or 
opposite signs, the position being reversed when @ is 
obtuse. 

The general distance formula becomes 


POP? = (a = &)P + (Yq — Yo)? +2 (&y — Le) (Y1 — Yo) COS w.. (5) 
This formula may be readily obtained from that of § 9. 
If the rectangular coordinates of P and Q are (a,’, y,;’) and 
(@,, Yo) then 
PY = (a -2yP + — Ye? 

but, by equation (1), x,/=a,+y, cos, y;/=Y, Sine, ete., so 
that we get 

PUP = {(@,— %z) +(Y1— Yo) C08 @}?+(Y, — Yo)? SiN? &, 
which leads at once to equation (5). 


m 


_Ex. If y=mr+c,, y=mv+cy are the equations of two straight 
lines referred to axes inclined at the angle w, then 


(i) the lines are parallel if m= ; 
(ii) the lines are perpendicular if 1+ mym.+(m,+ mg) cos w=0. 
Let the lines make angles a, 6B respectively with the «-axis, the 
meaning of angle being that given in §17. When a=, then 


obviously m,=m,. When the lines are perpendicular one of the 


angles a, 6 is positive and the other negative; suppose B to be 
positive, then B—a=90°. : Keli 


= =o sin _ _ CO8.G 
sin(w—a)'? sin(w—B) —cos(w —a)’ 
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and therefore, solving each equation for tan a, we get 


Mm, Sin w 1+mz, cos w 
fan ee ETM, COS : 
1+, cos w My SIN w 
whence (1+ m, cos w)(1 +m, cos w) +m my sin? w =0, 
or 1+(m,+ mz) cos w+ mym2=0. 


21. Polar Coordinates. The position of P (Fig. 6) will 
be known when we are given (i) the distance 7 of P from 
the origin O, and (ii) the angle 6 which the step OP makes 
with the positive direction of the x-axis, that is, the angle 
through which OX (not OX’) must be turned till it coincides 
with OP. These numbers 7 and @ are called the polar 
coordinates of P with reference to the pole or origin O and 
the initial line OX ; r is the radius vector and @ the vectorial 
angle of P. 

If the rectangular coordinates of P are # and y, then we 


have Soe REO. Met) 9 GIL) 0, Beate conte ee taas (1) 


It is usual to suppose 7 to be always positive; cos @ and | 
sin@ have then the same signs as # and y respectively. 
We may, however, allow r to take negative values, provided 
that when r or OP is negative we take 9 to be the angle 
that the step PO (not OP) makes with OX, 

From equation (1) we find 


r= /(v?+y"); tan g=% ities eae Ey (2) 


In determining 6 the equation tan 0= y/a is not sufficient 
by itself; we must remember that (7 being positive) the 
signs of cos@ and sin @ are the same as those of # and y 
respectively. 

We shall make little use of polar coordinates in this 
book. 


Ex. 1. What are the Cartesian coordinates of the points whose 
polar coordinates are : 
-(i) (5, 80°); = (ii) (5, 120°); (iii) (5, 270°)? 
Applying the formulae «=r cos 6, y=rsin 6, we find 
5 54/3 


() 2208 ya2; Gi) w= -3 y=PS5 Gill) 2=0, y= -6. 
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Ex. 2. The general equation of a straight line when referred to 
polar coordinates is of the form 


<=acos 6+bsin 6. 


In the Cartesian equation av+by=c, put rcos@ for x and rsin 6 
for y; we then get the form stated. The student will readily see that 
the following are equivalent forms, a, 8, p, g being constants : 


reos(@+a)=p, rsin(6+fB)=g. 

22. Areas. Let A, B (Fig. 19) be the points (#,, y,), 
(%, Y,) referred to rectangular axes X’OX, Y’OY, and let 
(r,, 9,), (7%, 6) be their polar 
coordinates, O being the pole 
and OX the initial line; then 

£,=7,c08 0), ¥,=Tr Sta 
®y=T,COSO,, Yo=7,Sin Oy. 

The angle AOB is equal to 
(6,—0,), and the area of the 
triangle OAB is 

dr,r, sin (0,—6,). 
But sin (0,—6,). 
=cos 6, sin 0, —cos 6, sin @,, 


and therefore, denoting by AOAB the area of the triangle 
OA B, we have 


AOAB=}(r,cos 0,.7,8in 6,—7,c08 9,. 77, Sin 0,) 
=$ (Yo — LoYy). vveeeee’ LS gee (1) 


This formula may also be proved in the following way. 
Let Cand D be the projections of A and B on the a-axis; 
then the triangle OAB is equal to the sum of the triangle 
ODB and the quadrilateral BDCA diminished by the 
triangle OCA. Therefore 


AOAB=AO0DB+quad. BDCA—AOCA 
=}0D.DB+3D0(DB+CA)—-1400.CA 
= 30H. + 3 (a, — @s)(Yo+ Yr) — EU 
= }(@,Y_— XY). . 


Fie. 14. 
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We have thus obtained an expression for the area of the 
triangle OAB in terms of the coordinates of A and B; let 
us apply the formula to two simple cases. 

(i) Let A be the point (5, 2) and B the point (8, 4); we 


find AOAB=3(5x4—3xX2)=7. 


(11) Let A be the point (3, 4) and B the point (5, 2). 
This triangle is the same as in case (i), but the letters 
attached to the points (5, 2) and (8, 4) have been inter- 
changed ; we find 


A OAB=}(3x2—5x4)= —7. 


The numerical value of the area is thus the same as in 
case (i), but the number that measures the area is now 
negative. If it be remembered that coordinates are the 
measures of steps, and therefore involve direction as well as 
magnitude, it is not a matter for surprise that a calculation 
which involves coordinates should result in a negative 
number; we may conjecture that the above difference in 
sign will have some connection with the two different 
senses in which the lines that bound the triangle may be 
traced. 


(a) 


Fie. 20. 


Fig. 20(a) shows the triangle of case (i) and Fig. 20(b) 
the triangle of case (ii). If we describe the boundary of the 
triangle OAB in the order in which the letters 0, A, B are 
written, it will be seen that in case (1) (Fig. 20 (@)) the area 
lies on our left hand, while in case (ii) (Fig. 20(6)) the area 
lies on our right hand. 
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We shall now state a rule which is not hard to prove 
by examining the sign of 


27y7r,sin (6, —6;), 
but which it will be sufficient at this stage for the student 


to verify by testing it for positions of A and B in each of 
the four quadrants. 


Rule. If A is the point (#,, y,) and B the point (#%,, y,), 
O being the origin of coordinates, the numerical value of 
the expression }(x,y,—a,y,) always gives the magnitude 
of the area of the triangle OAB; the sign of the expression 
will be positive if, when we describe the boundary in the 
order O, A, B, the area lies on our left hand, but the sign 
will be negative when the area lies on our right hand. 


We shall now use the symbol AOAB to indicate the 


algebraic measure of the area of the triangle OAB, so 
that we have 


AOAB=}(a,y,—2,y,), AOBA = 3 (Yq —L1Yo). 
In other words, an area is, like a step, a magnitude which 
may be either positive or negative.* 


“In applying the formulae it is convenient to denote the coordinates of 
a point P by the symbols xp, yp; thus; 


A OAB=}(xayn-xpya), AOBA =3(xpya —xayn). 


4 
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Let us now consider the triangle ABC, the coordinates 
of whose vertices are (7, Y,), (&, Yo), (€3, Ys) respectively 
(Figs. 21 (a) and (b)). We have the following equations: 

AOAB= 3} (2yY_— Xp ), 
A OBC= 4 (XyY3—X3Yz), 
A OCA =} (aay, —£1Ys)- 
In Fig. 21 (a) AOAB and AOBC are positive and AOCA 


negative ; in Fig. 21(b) all are negative. In both cases we 
have the relation 


AOAB+ SOBC+ AOCA=AABC, .....1..c0s, C&®) 


a relation which may be verified to hold whatever be 
the positions of the four points 0, A, B,C. Inserting in 
equation (2) the values in terms of the coordinates, we 
find for the area of the triangle ABC the formula 


AA BC= 3,4, — Loy, + LyYq— L3Yot L3y1 — LyYs} 
= FG (Yo— Ya) + £2(Yg— Yi) +3(Y1— Yo)}- -+-(3) 
The second of these forms is perhaps the more easily 


remembered. 
The formula (3) gives the area in sign and magnitude. 


The student may prove that if the axes are inclined at the angle w 
the area is equal to 
44124 (Yo = 3) + Xo(Y3 —;)+45(4; =Yo)} sin (Un yeimniacsintmian gis (4) 
He may do this by showing that equation (1) becomes 
AOAB=3 (Hyg — Lr) SID o. 
Ex. 1. Find the area of the triangle the coordinates of whose 


vertices, taken in order, are (2, 7), (5, — 1), (—1, —4). 
The area is, by formula (3), 


${2(—-14+4)+5(—4-—7)+(-1)(7+1)}= — 285. 
Ex. 2. Find the area of the quadrilateral ABCD, the coordinates 


of A, B, CO, D being (2, 1), (—2, 2), (-1, —}), (6, —2). 


The quadrilateral is the sum of the triangles ABC and ACD. 
A ABO=3{2(2+ 1) +(-2)(- 1-1) +(-1)(1 —2)}=53, 
A ACD=}{2(—1+4+2)+(-1)(-2-1)+5(1+1)} =75. 


The area of the quadrilateral is therefore 13. 
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Ex. 3. If “quad. ABCD” denotes the area of the quadrilateral 
ABCD in sign and magnitude, show that 


quad. ABCD= AOAB+ AOBC+ AOCD+ AODA. 


The proof is a very obvious extension of that given in the text 
for the relation numbered (2); it can clearly be extended to any 
polygon. 


Ex. 4. Plot the points A(2, 0), B(8, 0), C(8, — 2), D(2, 5) and join 
AB, BC, CD, DA. 

It will be noticed that CD crosses AB between A and B; a 
quadrilateral of this kind is called a cross-quadrilateral. Its “‘area” 
calculated by the rule of Example 3 is 


AOAB+ AOBC+ AOCD+ AODA=0+(-8)+(22)+(—5)=9. 


Ex. 5. Plot the points A(a, 0), B(b, 0), C(b, ec), D(a, d), and show 
that the area of the quadrilateral 4 BCD, whether “cross” or not, is 
4(b-—a)(d+c) or } AB(AD+ BC), where AB, AD, BC are steps. 


EXERCISES VI. 


Calculate the area of each of the triangles and polygons whose 
vertices are specified in Examples 1-9; the perimeter is to be traced 
in the order in which the vertices are named. 


1. (, 7), (-—3, 4), (0, —6). 2. (3, 1), (4, —2), (—1 —2). 
3. (1, 5), (6, —3), (—3, —4). 4, (a, y), (0, 5), (a, 0). 

5. (4, 4), (-—3, 5), (—5, —5), (5, —8). 

6.- (2, 3), (5, — 2), (—2, — 4),:(—5, 0). 

7. (3, 1), (1, 4), (-—3, 2), (—2, —2), (2, —8). 

8. (2, —1), (6, —1), (-1, 1, (3, 3). 

9. (4, 1), (—2, 5), (0, —2), (2, 5), (—4, 1). 


10. The coordinates of A, B, C are (6, 3), (—3, 5), (4, —2) respec- 
tively and P is the point (2, x) ; show that : ihe 8 
APBC_w+y-2 
Pe aa aa 
11. Band Care any two points on the straight line given by tine 
equation ar+by+c=0, and P(x, ¥:), O(a, ye) are any two points 


that do not lie on the line ; show by considering the sign of the areas 
of the triangles PBC, YBC that the expressions 


ax, t+by,+e and ax,+by,+e 
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are of tlie same sign or of opposite signs according as P and Q are on 
the same side or on opposite sides of the line. 
12. If (7, y) is any point collinear with (#,, 7,) and (x, 72), prove 
that es : ; SG 
#41 — Yo) — Y (® — Xa) + LyYo— Ly, =O, 
and find the equation of the join of (2, 5) and (—7, 1). 


13. From the formula for the area of a triangle deduce that if a 
variable point (v7, y) moves on a straight line, then Av+By+C=0, 
where A, B, C are constants. 


[ CH. IV. 


CHAPTER IV. 


REPRESENTATION OF GEOMETRICAL LOCI 
BY ANALYTICAL EQUATIONS. THE STRAIGHT LINE. 


23. The Equation y=mx. Axes and scale-units being 
chosen or assigned, a straight line through the origin is 
completely specified when its gradient (§17) is specitied. 
But we know that the same straight line may be represented 
by an equation in a, y. Let a straight line through the 
origin have gradient m; it is required to translate the 
detining conditions of the line into an equation. 

Let Q (a, y) be any point on the line (Fig. 14). Let MW be 
the projection of Q on X’OX. 


mia: FL ie ey 
The gradient of the line is OM x 
-. Jam; 
x 
Yn. 


Since (, y) is any point on the line, 
y=mx 
is the equation of the line. 


24. The Equation y=mx+c. Let a straight line be 
specified by its gradient m and its intercept c on the y-axis ; 
to find its equation. 

Let P(x, y) be any point on the line (Fig. 14). 

Let the line cut the y-axis in C. 

Let OQ be the parallel to the line through the origin. 

Let MP, the ordinate of P, cut the parallel in Q. 
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Since the lines are parallel, their gradients are equal (§ 19). 
.. gradient of OQ=™m; 
M 
= ayam ; 
“, WQ=m. ON. 
But MP=MQ+QP; 
.. MP=m.0M+0C; 
Y=ML+C. 
But (#, y) is any point on the line; hence 
y=mx+c 


is the equation of the specified line. 


EXERCISES VII. 

1. Find the equation of the straight line which passes through the 

point (0, 2) and rises 5 in 3. 
m=gradient=$; c=2; 

hence y=mx+e becomes y=8v+2 or 5ce—3y+6=0, which is the 
required equation (see Fig. 14). 

2. Find the equation of the straight line which passes through the 
point (0, — 2) and falls 4 in 5. 

m=gradient=—$; c=-—2; 

. y=me+ce=—4x4-2; that is, 4v+5y+10=0 is the equation of 
the line. 

3. Find the equation of the straight line of gradient —? whose 
intercept on the y-axis is 14. 

4, Find the equation of the straight line of gradient 3 whose 
intercept on the y-axis is — 2. 

5. Find the equation of the straight line drawn through (0, 2) to 


_ make an angle of 30° with Y’OX. 


6. Find the equation of the straight line whose intercept on the 
y-axis is —2°2 and which makes an angle of —60° with X’OX. 


7. Draw the graph of 
(i) y=2n41; (ii) y=—3Br4+2; (ili) y=Ba-5; 
(iv) y=—-Ge-1;  (v) 2y=Ba+4, 
[@ passes through (0, 1) and rises 2 in 1.] 
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8. What are the gradients of the following lines ? 


(i) y=20+3 ; (ii) y= —22-1; (iii) y= —§e+7; 
(iv) 2y=a2+2 ; (v) 8y=—-2a7+4; (vi) 27-2=3; 
(vii) 7y+3x+1=0; (viii) 8e—4y+5=0; (ix) Te+5y=0. 


9, What is the gradient of the line av+by+c=0? 
10. What is the gradient of the line v/a+y/b=1? 


11. What is the gradient of the line (y—3)=m(«—2), and of the 
line ¥-—Yy,=m(xv— 2) ? . 


12. Use the gradient formula, viz. 2 — =m, to establish the equation 
y=mx+e. eS 
ye y-e 


PLO 7 etadient of the line joining (0, c) and (x, y); hence ereen 


or y=me+e. 
13. Draw the graphs of 
(i) 2a-y+1=0; (ii) 8r+4y=7; (iii) 5a =2y43; 
(iv) 37+2y+4=0. 


25. The Linear Equation. Every straight line, considered 
with reference to a system of rectangular axes and scale- 
units, has a definite gradient and makes a definite intercept 
on the y-axis. Hence every straight line may be repre- 
sented by an equation of the form y=ma+c, which is an 
equation linear in a, y ($15). Conversely, any equation of 
the form y=m«-+e represents a straight line. ‘To prove 
this we have only to reverse the steps of §24. Thus, let 
P (Fig. 14) be any point on the graph or locus of y=ma-+e. 
Through the origin draw the straight line OQ of gradient m. 
Let C be the point (0, c) and let MP, the ordinate of P, 
meet OQ in Q. Then 


m= gradient of OQ 


_MQ. 
~ OM’ 
. MQ=m. 0M. 
But . y=Mme+c; 


“, MP=m.0M+00; - 
“. MP=MQ+00C; 
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-. MQ+QP=MQ+00; 
~. OP= OC 
Also QP is parallel to OC. 
.. CP is parallel to OQ. 


Therefore the locus of P is the straight line through the 
fixed point C parallel to the fixed line OQ. 

Now the general linear equation Az+ By+C=0 may be 
written in the form 


v=(-f)e+(-9). 0 


2.e. in the form y=ma-+e. 


Hence the conclusion: any straight line may be repre- 
sented by a linear equation wm «x, y, and, conversely, any 
linear equation in x, y represents a straight line. 

The cases of lines parallel to the axes may be treated 
separately ; a similar conclusion holds. 


26. The equation y—y,=m(x—x,). If we write the 
equation y—Yy,=m(a—a,) 


y—4 
¥. im, 
L— 2, 


in the form 


we see (§ 18) that the gradient of the straight line joining 
(a,, y,) to (#, y), any point on the locus or graph repre- 
sented by the equation, is the constant m. 

Hence (y—y,)=m(x—x,) 
represents the straight line, of gradient m, through the 
fixed point (&,, Y,). 


27. The equation y—-y,=" ae (x—x,). If we write the 


x- 
Boece ee ota eo Ke 

- equation y Wo Ly (a—2,) 
Y—th_ Ww Ye 


in the form 
, L—X, y— Hy 
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we see (§ 18) that the gradient of the straight line joming 
the point (#,, y,) to (#, y), any point on the locus or graph 
represented by the equation, is equal to the gradient of the 
line joining («,, y,) and (#,, Y.). 

kame f 

Hence y—-Y; BEE (x—x,) 

represents the straight line through the points (a, Y;) 
and (x, Yo). 


Ex. 1. Find the equation of the straight line which passes through 
the point (2, 3) and rises 2 in 1. 


In the equation Y-Y,=M(a#—2X), 


put 7,=2, ¥,=3, m=2/T=2. 


The required equation is y—3=2(#%—2) 
or 22—y—1=0 (Fig. 22). 


ieee 


Be 


Fig. 22. 


Ex. 2, Find the equation of the straight line which passes through 
the two points (—4, 1) and (7, —5). 


ee 


In the equation y- —/ 
“3 


a 
= (x w= %y)s 


put 7%1=—-4, y%=1, 2=7, Yo= - 5. 
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1+5 
—4-—7 


We get y-1= (w+4), 


. 6 
te y-1l= -—T (@+4), 


which becomes 62+11ly+13=0 (Fig. 23). 
YRC 
T Fi i” 4 HH 
5 
Cl if 
Ht FAH 
- ie 
Por om 
Cc Lt 
a 5 io HEX 
ea : | cee Ht 
| Ht 
im im 
e il 
Fie. 23. 


As a check, note that 6(—4)+11.1+13=0, 
and 6.7+11(—5)+13=0. 


EXERCISES VIII. 


1, Find the equation of the straight line which passes through 
(—5, —2) and falls 3 in 2. 


2. Find the equations of the two straight lines which both pass 
through the point (4, —5), one of gradient 3/4, the other of gradient 
—3/4. 

3. Find the equation of the join of (2, 3) and (7, 5). 

4, Prove that the join of (—3, 7) and (—1, 5), and the join of 
(2, —4) and (—5, 3) are parallel, and find the equations of the lines. 

5. Prove that the line joining the points (—2, 6) and (0, 4) is 
perpendicular to the line joining (2, 4) and (—5, —3), and find the 


_ equations of the lines. 


G.A.G, D. 
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6. Through (0, 1) is drawn the parallel to the line joining (0, 0), 
(3, 4); find the equation of the parallel. 
[Use y—y,=m(x—2,). 2,=0, y=1, m=4/3.] 
7. What is the gradient of each of the following lines? 
G) y=2a-3; Gi) y-3@=1; (ill) 2y+4a=7 ; 
(iv) 2v—5y+1=0; (v) 3874+2y-2=0; (vi) ax+by+c=0. 
8. Prove that the following pairs of lines are parallel : 
(i) 2a-3y+1=0 and 2x7-—3y—58=0; 
(ii) a+2y=7 and 27%+4y—13=0; 
(iii) av+by+ce=0 and ar+by+d=0. 
9. Prove that the following pairs of lines are perpendicular : 
(i) 20+3y+1=0 and 3x-2y+17=0; 
(ii) 5a—2y+3=0 and 27+5y—11=0; 
(iii) av+by+e=0 and br—ay+d=0. 
10. Find the equations of the sides of the triangle whose vertices 
are (3, 2), (5, 7), (9, 1). 
1l. Find the equations of the medians of the triangle whose 
vertices are (—5, —2), (4, —6), (1, 7). 


12. If A, B, C are the points (1, 5), (3, 1), (4, 8) respectively, what 
is the gradient of BC and of the perpendicular AD from A to: BC? 
Find the equation of 4D. 


13. If A, B, C are the points (5, —3), (—5, 3), (4, 7) respectively, 
find the equation of the line joining the middle points of 4B and AC. 


14. Find the equation of the perpendicular bisector of the join of 
(2, 3) and (5, —2). Does the point (8, 4) lie on the bisector ? 

15. Which of the following sets of points are collinear ? 

(i) (1, 1), (2, 2), (6, 6); (ii) (5, 4), (0, 1), (4, = 4) 
(iii) (5, — 2), (=4, 1), (3; 0); (iv) qd, 3), (-2, - 6), (4, 12). 

16. Find the point of intersection of the lines 27—3y+1=0, 
“+y—2=0. 

(Solve the equations as simultaneous equations.) 

17. Find the point of intersection of the join of (5, —2) and 
(—2, 4), and the join of (3, 7) and (—11, —2). 

18. Find the orthocentre (ée. intersection of perpendiculars) of 
triangle ABO of Ex, 10. 

19. Find the orthocentre of triangle 4 BC of Ex. 11. 


20. Find the intersection of the medians of triangles ABC in 
Exs, 10, 11, i 
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28. Parallel through (h, k) to ax+by+c=0. In geometry 
it is frequently necessary to construct a parallel through a 
given point to a given straight line. If (h, &) is any given 
point and ax+by+c=0 is any given straight line, the 
following rule enables us to write down at once the 


equation of the parallel through (h, /) to aw+by+c=0. 


Rule. In the equation ax+by+c=0: (i) delete the 
absolute term e; (ii) replace x by (a—h) and y by (y—k); 


the equation io h) bly kOe ee (1) 
so obtained, is the parallel through (h, k) to 
ux+by+c=0. 
Proof. The gradient of the straight line axw+by+c=0 
is —a/b. 
The gradient of the straight line a(a—h)+b(y—k)=0 
is —a/b. 


Therefore the lines are parallel (§ 19). 
Again the line (1) passes through (h, k) if 


a(h—h)+b(k—k)=0, 
and this is true. The rule is therefore proved. 


Ex. 1. Find the equation of the parallel to 37-—2y+4=0 through 
(2, 7). . 
By the rule, the equation is 
3(x—2)—2(y—7)=0, 
that is 34 —2y+8=0. 


Ex. 2. Find the equation of the parallel : 
(i) through (5, 3) to 24—y+1=0, 


(ii) ” (3, 1) » Y=38r +4, 
(iii) ” (= 1, 2) ” bat 4y—7=0, 
(iv) 3 (2,-1) ,, 3%—2y—3=0, 
(v) ” (—3, -1),, y=2e-1, 
(vi) » the origin ,, 2«—7y+5=0. 


29. Perpendicular through (h, k) to ax+by+c=0. It is 
necessary to be able to write down the equation of the 
perpendicular let fall from a given point to a given 


straight line. The following rule is used for writing 
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down the equation of the perpendicular from (h, k) to 
ax+by+c=0: 

Rule. In the equation ax+byt+e=0: (i) delete the 
absolute term c; (ii) change the sign before the term wm y ; 
(iii) interchange the coefficients of « and y; (iv) replace 
by (a—h) and y by (y—k); the equation 

b(x—h)—a(y—k)=0, ..... .... eee eeeee ees (1) 
so obtained, is the perpendicular through (h, k) to 
axv+by+ce=0. 

Proof. The gradient of aw+by+c=0 is —a/b=m,, say. 

The gradient of b(a—h)—a(y—k)=0 is b/a= mg, say. 

ab 

And MM,= ——PXo=—1; 
therefore the lines are perpendicular (§ 19). 

Again, the line (1) passes through (h, k) if 

b(h—h)—a(k—k) =0, 
and this is true. The rule is therefore correct. 


EXERCISES IX. 
1. Find the equation of the perpendicular through (5, 1) to 
20 —3y+4=0. 
Begin with 2v —3y+4=0. 
Following (i) of Rule, we get 2x7 —3y=0, 
” (ii) ” ” 22+ 3y=0, 
By ey (lL) *5 +: 3x +2y=0, 
Sh 2) % Ms 3(@—5)+2(y—1)=0, ......... (A) 
te. 3xu+2y —17=0. 
With a little practice equation (a) can be written down at once. 
2. Find the equation of the perpendicular : 
(i) through (5, 2) to 3x—4y+1=0, 
(ii) ” (3, 1) » 2e+5y+7=0, 
(iii) ” (2, 3) » Y=2e+1, 
(iv) ” C22, 1) 3 v+3y=4, 
(v) ” (2)'— 3) »» DL —3y=8, 
(vi) ” CH 1; -2) , 7x+2y —2=0, 
(vil) » the origin ,, 37—4y=5, 
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3. Find the equations of the parallel and perpendicular through 
(—4, 1) to 7r-2y+3=0. 


4. Find the equations of the parallel and perpendicular through 
(-—2, —5) to 3v+8y—4=0. 


5. Find the coordinates of the orthocentre of the triangle whose 
vertices are (5, 2), (—1, 1), (2, 7). 


6. Find the coordinates of the foot of the perpendicular let fall 
from (1, 2) to 3r+4y+9=0. Find also the length of the perpen- 
dicular. 


30. Length of Perpendicular. 

If a perpendicular be let fall from the point (a,, y,) to 
the straight line axz+by+e=0, then the numerical value 
of the length of the perpendicular is 

aX, + by, +e 
Va +b? 

Let (x, Y2) in Fig. 24 be the foot of the perpendicular. 

The equation of the perpendicular from (a,, y,) to 
ax+by+c=0 is (§ 29) b(w#—2,)-—a(y —y,)=0. 


Fic. 24. 


Now (2, Yo) lies on this line ; 


therefore D ( — 2) — A( Ys — Yz) =O. .ecececenceseens (1) 
Again; (#, Y2) lies on the line az+by+c=0; 

therefore ait, + by, +c=0. 
Subtract axv,+by,+e from both sides: 

then (a2 — 1) + b(Y,— 41) = — (aa, + by, +0). -.(2) 


But, by (1), b(%—2,)— 4(Y—Y1) = 0. 
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Square and add: 
then (a? +b?) {(4,—2,)? + (Yo— 1) } =(ax,+by, +e); 


(a%,+by,+¢P 
"(=P +(Y.—- Y= ab ; 


‘. by Distance-Formula (§ 9), 


ee (ax,+by,+eP. 
a? + 6? ; 
i.e. length of perpendicular from (a,, y,) to aw+by+c=0 
is the numerical value of 
ax, -+by, +e 
Vae+ 


square of distance from (a,, y,) to (®,, Yo 


EXERCISES X. 


1. Find the perpendicular distance from the point (—2, 3) to the 
straight line 37 —4y+2=0. 
Use the formula, perp. dist, =O 
a=3, b=-—4, c=2; a=-—2, y,=3. 
3(—2)+(—4).34+2 


J/3?+(—4) 
16 


== 
2. Find the distance from (4, 7) to 837—4y+2=0. 


3. Find the distance from (4, 3) to the line w=y. Verify 
geometrically. 


Therefore perp. dist. = , humerically, 


4, Find the distance from thé origin to «+y+1=0. Verify 
geometrically. 


5. Prove that the points (1, 3) and (—7, —3) are equidistant from 
the line 8a—4y+7=0. 


6. Find the distance between the parallel lines : 
(i) e+y+1=0, e+y-1=0; (ii) 8r—4y+9=0, 3u—4y-1=0; 
(iil) 2a-3y7+4=0, 4x -—6y—7=0. 


_ 7. The straight line 37+4y—5=0 touches a circle whose centre 
is (2, —3). Find the radius of the circle. 


8. Prove that the lines 47—3y+5=0, 4x —3y—5=0, 37+4y+5=0, 
32+ 4y—5=0 all touch the circle whose centre is the origin and whose 
radius is unity. 
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9. Prove that one of the common tangents to the circle, centre (0, 0) 
and radius 2, and the circle centre (4, 0) and radius 1, is 


su+,/7.4—8=0. 


10. Show that 47—3y7=25 touches the circles whose centres are 
(11, —2) and (—11, 2), and whose radii are 5 and 15 respectively. 


11. Find the value of ¢ if 32+4y=c is a common tangent to the 
circles whose centres are (1, 3) and (—3, 1), and whose radii are 
1 and 3 respectively. 


12. Prove that the product of the perpendiculars from (ce, 0) and 
(—c, 0) to the straight line brcos@+aysin@=ab is 6%, where 
a= 67+ ¢?, 

13. Prove that the point (2, 2) is equidistant from the lines 
22 —-y+2=0 and 4—2y+6=0. 


14, Prove that the point (1, 1) lies on one of the bisectors of the 
angles formed by the lines 47 -—3y+1=0and 37—4y+3=0. Illustrate 
by a figure. 


15. If the point (x, 7,) lies on a bisector of the angles formed by 


the lines Av+ By+C=0 and ar+by+c=0, prove that cons anes emg 
az, +by,+e : SJ AZ+ BP 
and ere ae are numerically equal. 
a* + 


16. If the point (7,, 7,) lies on one of the bisectors of the angles 
formed by the lines 77—5y+1=0 and 5r+7y+3=0, prove that 
7x, —5y,+1 and 57,+7y,+3 are numerically equal. 


17. If the point (7, 7) lies on one of the bisectors of the angles 
tormed by the lines 47—3y+2=0 and 37+4y+3=0, prove that 
4x, —3y,+2= +(37,+4y,4+ 3). 

18. If the point (7,, y,) lies on one of the bisectors of the angles 
formed by the lines 3r—y+2=0 and #+3y+3=0, prove that either 
2x, —4y,=1 or else 47, + 27, +5=0. 

19. Prove that the equations of the two bisectors of the angles 
formed by the lines 5v—3y+2=0 and 37—5y+5=0 are 

5x —8y+2= +(8x”—5y+5). 

20. Prove that the bisectors of the angles formed by the lines 
Qun+3y+1=0 and r—y+4=0 are given by the equations 

27+ 3y+1 “2—yt4 
= t 
/13 V2 

21. Prove that r+y=3 and «—y+1=0 are the bisectors of the 

angles formed by the lines 37—2y+1=0 and 2v—3y+4=0. 
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22. Prove that the bisectors of the angles formed by the lines 
ax+by+ce=0 and Av+By+C=0 are the two lines specified by the 
equations a+ by+e_ Aa +By+¢C 


Va +b? 


J A2+ Be 

31. The Freedom-Equations of a Straight Line. 

Let A (Fig. 25) be the point (a,c). Let P(a, y) be any 
point on the locus specified by the equations e=a+0Ut, 
y=c+dt. Join AP. Let the parallel to X’OX through 
A meet the parallel to YOY through P in Q. Then 
AQ=a—a and QP=y—c. But w=a+bt, or e-a=bt; 
and y=c+dt, or y—c=dlt. 


Fig. 25. 


Hence AQ=o0t, QP =dt. 
GS ee 
AQ vt 6 

Therefore the gradient of AP remains constant while P 
moves along the locus. Hence the locus of P is the 
straight line through A(a, c) of gradient d/b. ~ 

That is, the freedom-equations 

2=a-+ bt, y=c+dt 


represent a straight line through th . 
bidity coe ugh the point (a, ¢) of 


Therefore, gradient of AP= 
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Ex. 1. Make a table to show corresponding values of 4, 2, y when 
w=2+4t, y=1+3t. Draw a graph of x, y and find the constraint- 
equation connecting z, ¥. 


t —2 =] (0) 1 2 
L —6 —Y 2 6 10 
y a 4 7 
Here en ae : 
{ HHH a i SEEeEe A 
t + iano) seeuan HEH t H 
H HEE Hi seaedeeesees: HHEEEniiiont 
il t im tT rT T 
rt T T BI 
HH He a : 
a 5 HEP 
HH page: a He tH Ht 
t t Et Ht 
=5 
HE gu Seceeceeuecet PH 
Fic. 26. 


Corresponding values of 7, y are plotted in Fig. 26; the graph of 
a, y is the straight line of Fig. 26. To find the constraint-equation, 
te i eee. (OS Up ee “e 
7 ea and meee hence Tere ee: 3uv —4y—-2=0, 
Ex. 2. Prove that the straight line whose freedom-equations are 
v= —243t, y=3—5t passes through the points (—8, 13) and (—1°4, 2) 
referred to axes OX, OY; and find the corresponding values of ¢. 
When x= —8, we have —8= —2+3¢ or f=—-2; 
When y=13, we have 13=3—5¢ or t= —2; 
When x= —1°4, we have —1°4= —2+43¢ or <=0°2; 
When 7=2, we have 2=3—5¢ or ¢=0°2. 


we have 


Ex. 3. Find the equations of the parallel and perpendicular to 
L= —243t, y= —5—4¢ through the point v=2, y= —3. 

The gradient of the given line is 3 or —+4, by above section. 

Hence the required parallel is (y+3)=—% (v—2) or 4v+3y+1=0; 

and the required perpendicular is (y+3)=% (v—2) or 3v—4y—18=0. 
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EXERCISES XI. 


1. Prove that the straight line whose freedom-equations are 
v=1+t, y=3+2t passes through the point (1, 3) and has gradient 2. 
Draw the line. 


2. Write down freedom-equations for the straight line which 
passes through (3, 5) and has gradient 3. Draw the line. 


3. Prove that (—1, —1) is a point on the straight line 
r=24+-3t, y=1+20. 
Draw the graph of the line. 
4, Prove that the straight line 
G=3+2t, y=5-t 
is parallel to the straight line 
w=2-—4u, y=1+2u. 


5. Calculate the coordinates of the point of intersection of 
v= —3424, y=243t and v=4+45u, y=1—u. Graph the two straight 
lines. 

[We require —3+4+2t=4+5w and 2+3t=1-—w simultaneously. 
From the corresponding values of ¢ (or ~), calculate x, y from the 
given equations. ] 


6. Find the point of intersection of 
“=2—31, y=1+¢; and c=1—2u, y=2+43w. 


7. Prove that the three Pek ee lines, specified by the following 
equations, are concurrent, and find their point of intersection : 


BaD, Y= BARB 3: Ue ckacsaastn cece ddeewes eenwat (1) 
Salta Ye Boe y ic dortratciteee (2) 
w= =4=30, YSSABY, chichwaacra acu aes (3) 


8. Find the constraint-equation of the line represented by 
w=44+31, y=-3+7. 


from second, ¢=' Hence 


[ From first equation, ¢= 7 ; 
a—A4 Shes ; 5 , 
=3 = » ue. 7x —3y=37 is equation required. | 


y+3 
ae 


9. Find the constraint-equation of the straight line given by 
“2=-2+3t, y=1—-t. 
10. Find the constraint-equation of the straight line 
x=a+bt, y=c+dt. 
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11. Prove that the straight lines 
#=at+bt, y=c+dt 
and a=a+bu, y='+du 
are (1) parallel if d/b=d'/b’ ; (2) perpendicular if bb’ +dd'=0. 


12. Find freedom-equations for (1) the parallel, (2) the perpen- 
dicular through (1, 2) to r=2—3t, y=3+2z. 


13. Prove that the straight lines 
2=5—2t, y=443t; v=7+6u, y=—114+4u 


are perpendicular, and find their point of intersection. Draw the 
graphs of the lines. 


14, Prove that the parallel through (A, /) to 
r=a+bt, y=c+dt 
may have its freedom-equations written in the form 
w=h+bu, y=k+du. 
15. Prove that the freedom-equations of the perpendicular through 
ph, &) to s=a+bt, y=c+dt 
may be written v=h+du, y=k-bu. 


[CH. v. 


CHAPTER V. 


THE STRAIGHT LINE (Continued). 


32. Different Forms of the Linear Equation. The following 
-six forms of the linear equation Aw+By+C=0 are im- 
portant : 


dd) y=mx+c; (2) y-ya=m(x—X1); 
g T-2 (4) =+2=1; 
K—-X1 X2—-X1 a b 


xX— X1 ke yoy cae 
cos@° sinO — 

(1), (2) and (3) have already been explained in §§ 24, 26 
and 27 respectively. 


(5) xcosa+ysina=p; _ (6) 


lie, 27. 


(4) The equation 42 =1, 


Let a straight line not passing through the origin meet 
the a-axis at A and the y-axis at B. Let OA =a, OB=b. 


Let P(@, y) be any point on the line; then a+ P=1, 


S§ 32, 33] FORMS OF THE LINEAR EQUATION. 61 


Proof. Let M be the projection of P on the z-axis 

(Fig. 27). 
Then As OAB, WAP are equiangular and therefore similar. 
Were terete eestor all. positidhe aii Pwehereare 
OB OA’ p , where : 


OB, MA, OA are all steps. 


Hoe MP _OA-—OM 
ORE SOA Ne. 
that is, os gTe 
b a 
Dg hs 
or aca == | 


Ex. 1. If A, B are the points (2, 0) and (0, 3), find the equation 
of AB. 


Here a=2, b=3; hence “+4=1 becomes Sthal or 37+2y=6, 
which is the equation of AB. 

Ex. 2. If A, B are the points (—2, 0) and (0, 3), find the equation 
of AB. 

Here a= —2, b=3. Hence the required equation is tg or 
bu —2y+6=0. 

Ex. 3. Find the equation of the line joining (—3, 0) and (0, —5). 

Ex. 4. Find the equation of the line joining (2, 0) and (0, — 4). 

Ex. 5. Find, in sign and magnitude, the intercepts on the axes 
of « and ¥ made by the lines 

(i) 247+3y=1; (ii) 3r—Qy=4; (ill) 5e+7y+4=0; 
(iv) 3¢—5y+4=0. 
(i) 2n+3y=1 may be written ite= 1. The intercepts are $ on OY 


3 
and 3 on OY. (Otherwise, put y=0 in 27+3y=1, then 2x=1 or v=$ ; 
again put #=0 in 2r+3y=1, then 3y=1 or y=}. 


33. The Equation xcosa+ysina=p. Let a straight line 
cut the z-axis at A and the y-axis at B (Fig. 28); let NV be 
the foot of the perpendicular from the origin O on AB; 

let angle XON=a and ON=p. If P(a, y) is any point 
on the line, 
_ then x COS a+ Y SIN A= p. 
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Let WV be the point (z,, y,); then #,=p cosa y,=p sin & 
Hence the gradient of PN (or AB)= va = 


) sin & 
a P aa ee (1) 
Fig. 28. 
But the gradient of OV =tana 
AIT OH, - 
~ GOS OL” 
therefore the gradient of PV = — ard ee eee t 5 (2) 
sin 0 
From (1) and ws we get 
—psin& cosa. 
Z—pcosam® sina’ 
therefore w«cosa+ysina= p (sin & + cos? 0), 
or xLCOSa+Y Sin a=p, 
since sin? w+ cos? a= 1. 


Cor. 1. If aw+by=c (e ae be put in the form 
© cosa+y sin &=—p, then p= Tarts 


Face tan ®=— 
aw 


For if tan a=", we may ee COS = 


Le. 
Je+b 


OTE and 


sin = 
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But ax+by=ce. 
Divide both sides by Jat Bb? ; then 


Cc 


a b 
L. j——— + y. a eee ot GAN 3 
: Jape 4 Je+e Ja?+b? &) 


: c 
Therefore # cos &+-Yy sin a=} 
Ve+0 
or LCOSa+Y SINKH=Pp, 
c 
if Cee ae 
Je+b2 


Cor. 2. The length of the perpendicular from (a,, y,) to 
xcosa+y sina—p=0 
is L, COSa+Y,SiINX—/p. 


O A> CX 
Fig. 29. 
First, let us find the equation of the parallel through 
(x1, y,) to x cosa+y sina—p=0, 


that is, the parallel CD through P(a,, y,) to AB in Fig. 29. 
By § 28, the equation of CD is 


(a—a@,) cos H+(y — Y,) Sin «=0 
or ceosaty sina=2,cosa+y, sina | 
Hence OK = length of perpendicular from the origin to CD 
=X, COSA+Y, Sin O. 
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But ON=length of perpendicular from the origin to AB 
=p; 
therefore HP=length of perpendicular from («,, y,) to AB 
= NIC 
=OK—ON 
=2, COSa+Y, SIN &—/p. 
Cor. 3. Going back to equation (3) of Cor. 1 we see 


that the length of the perpendicular from (#,, y,) to 
ax+by+c=0 is aw, + by, +¢ 


Je+P 


Ex. 1. Write the equation 37+4y=7 in the form 
LCOosa+ysSina=p. 
Let tana =4, so that we may write sina = and cosa=+#- 
Now divide both sides of 37+4y=7 by 5. 
We get 2.$+y.$=45 
or reosatysina=-. 


Ex. 2. Find the length of the perpendicular from the origin to 
the line 4v+3y=8. 


Putting tana=4%, and proceeding as in Ex. 1, we write the equation 
4a +3y=8 in the form cooa+ysina=%, 
where tana={. Hence the length of the perpendicular from the 
origin to 4v+3y=8 is $. (Cp. § 30.) 
Ex. 3. Write the equation 57+12y=8 in the form 
#COSO+Y SiN H=p. 


Ex. 4, Write each of the following equations in the form 
xrcosa+ysin a=p; state the values of tan a and p. 


(i) 54+12y=18 ; (ii) 152+ 20y=54 ; (iti) 83¢—4y=7 5 
(iv) 12%—5y=10; (v)-20+3y=4 ; (vi) 3a+y+2=0; 
(vil) pet+qy=r ; (viii) le+my+n=0. 


34. The equations ~—1=7—Yi_y 
cos@ sin 8 
Let A be the point (x,, y,) (Figs. 15, 16, pp. 28, 29); 
through A draw the straight iine of gradient ind: then if B 
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is any point (x, y) on the line and AB=r, we ‘have 
ieee or 
cosQ. sinQ 


Let H, K be the projections of A, B on X’OX ; let C be 
the projection of B on the parallel to X’OX through A. 


AC HK OK-OH «xa, 


Then cos O=F p= [R= Sagar = a 

Therefore — s et nt ee ay A (1) 
Similarly, sin 9= = pe ee eee = i Le 
Therefore a =f, ECO UNE coy oni ste (2) 


From (1) and (2), we have 


a ie ae 
== 2 hp 
cos@ sind 


Ex. 1. Through the point 4 (3, 1) is drawn the straight line making 
an angle of 45° with the x-axis. It meets the line z+y=10 at B; 
find the length of AB. 

Ex. 2. A, B are the points (a, 0), (6,0), and P is the point above 
the z-axis such that the triangle PAB is equilateral; find the co- 
ordinates of P. 


35. Angle between Two Lines. If the equations of two 
lines are given, the lines could be graphed and the angle 
between them measured. Hence from the equations it is 
possible by calculation to find the angle between the lines 
represented by the equations. The rule is as follows: 

If m, and m, are the gradients of two straight lines, 
and: @ is the angle between the lines, then 

3 as matte, 


tan oer tine 


6 being measured from the positive direction (§9) of the 
second line to the positive direction of the first line. 

Let OP be the positive direction of the line of gradient 
_ m, (Fig. 30) and let angle XOP=6,. 


G.A.G. E 
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Let OQ be the positive direction of the line of gradient 
My, and let angle XOQ=6,. 
Then  6=Q0P=XOP=X0Q=0>~),. 
tan 6, —tan 0, 
1+ tan 0, tan 0, 
But tan @,=m, and tan@,=m,, so that 


Therefore tan @=tan (6,—6,)= 


M,— My 


tan 0= 1+m,m, 


Fie. 30. 


The numerical value of (m,—m,)/(1+m,m,) is equal to 
the tangent of the acute angle between the lines of gradients 
m, and mz. 


Cor. If @is the angle between the lines whose equations 
are ac+by+c=0 and aa+b’y+c=0, 
ab’ —a’b 
then tan @= pee 
For, gradient of aw+by+c=0 is —a/b=m,, say ; 
and _— gradient of a’x+b’y+e’=0 is —a’/b’=m,, say. 
M,— Mz 


Hence tan ) => T+m,m, 


Pe og 
on ae aL _ab’—a’b 
1% a aa +bb" 


bb 


ye 
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Ex. 1. Find the tangent of the angle between the lines y=2r-3 
and y=x+5,. With the help of tables, find the angle. 
hy = Mg 21 
l+mm, 142.1 3 


Here m,=2 and m,=1; therefore tan @= 
From the tables, @=18° 26’. 


Ex. 2. Find the tangent of the angle between the lines 2v—y=3 
and 37+4y=5. Also find the acute angle between the lines. 
Put m,=gradient of 27 -y=3, so that m,=2; and m,=gradient of 
32 +4y=5, so that m= — 2. 
te 3 11 
Then Eas eas Dee) 
ral ime ear ES ra: 


The acute angle is roughly 79° 42’. 

Ex. 3. Prove that the two lines y=2v+4 and y=8r+4 are 
inclined at the same angle as 7 -y+2=0 and 3v—4y+1=0. 

Let 6,=angle between lines y=2v+4 and y=3r+4. 
MM eT el 
l+m,m, 142.3 7 
Let 6,=angle between lines c—7y+2=0 and 37—4y+1=0. 


Then tan 6, = 


ie Bakass COON Bs Sine 


: 1+myn, 141.3 7 
Hence tan 6,=tan 6,, numerically ; that is, the first pair of lines 
is inclined at the same angle as the second pair. 


Then tan 6,= 


Ex. 4. If P(x, 7) is a point above the axis of «, and A and B are 
the points (1, 0) and (—1, 0) respectively, prove that 
v+y7=2y+1, 
if the angle APB is half a right angle. 


Let m,=gradient of PA =! 7 
eta: Rie Ay 
Let m,=gradient of PB= ay 


If 6 is the angle measured from the positive direction of PB to the 
positive direction of PA, then tan 0=1. 


_ MM, 
Also tan Lg ranirae Tare 
ph iy Eo 
om pee eerie 
ead ae oe ed 
be eed 


_ this reduces to v+y=2y +1. 
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Ex. 5: If P(x, y) is below the axis of #, and A and B are’ the 
points (1, 0) and (—1, 0) respectively, prove that J 
vty? +2y=1, 

if the angle APB is half a right angle. ’ 

Ex. 6. If A, B, P have coordinates (1, 0), (—1, 0) and (a, y) 
respectively, and if the angle APB is a right angle, prove that 
a+y=l1. 

Ex. 7. From the formula tan @=21—"2 
1+ mg 
that two lines of gradients m, and m, should be parallel, and also the 
condition that they should be perpendicular. ; 


deduce the condition 


Ex. 8. Find the tangents of the angles of the triangle whose sides 
are the lines 27—3y—-5=0, 5e-—y—3=0, and #+y+5=0. Also 
calculate the angles of the triangle. 


Ex. 9. Find the equations of the lines through (2, 7) which are 
inclined at an angle of 45° to the line #+2y=4. 


Ex. 10. Find the equations of the sides of an isosceles triangle 
whose vertex is the point (a, 6), whose base is the line @v+my+n=0, 
and each of whose base angles is a. 


Ex. 11. If the angle measured from the positive direction of the 
line 27+3y=7 to the positive direction of a line passing through 
(3, 7) is 45°, find the equation of this line. 


Ex. 12. If the angle measured from the positive direction of the 
line y=mr+e to the positive direction of a line through (#,, 4.) is a, 
prove that the equation of this line is 
7~yie m+ tan o (w — 2) 

i 1+mtane *, 1" 

36. Bisectors of Angles between Two Lines. If any two 
intersecting straight lines are drawn, then two angles are 
formed, each of which has a bisector. We know from 
elementary geometry that any point on either bisector is 
equidistant from the two lines. te pe? 


Let av+by+c=0...1),. Aw+By+C=0...(2) 


be two intersecting straight lines; it is required to form 
the equations of the bisectors of the angles between them. 
If (x,, y,) is a point on either bisector, then 


length of perpendicular from (#,, y,) to line (1) 
=length of perpendicular from (#,, y,) to line (2)... 
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But length of perpendicular from (2,, y,) to aw+by +c=0 
ax,+by,+e 
And length of perpendicular from(z,, y,) to dAa+By+C=0 
Au, + By, +C 
JAP+ B 
ax, +by,+e Ax,+By,+C 
PIS aS a ay see 
VP+P JAR+ B 
the double sign being necessary, since the left-hand and 
right-hand expressions may be either positive or negative. 
For x,, y, write x, y, and we obtain 


ax+by+e  , Ax+By+C 


“Vale! + Jatt BE 
as the equations of the two bisectors. 
The reader should revise Exs. 13-22 on p. 55. 


is, by § 30, 


18 


Hence 


Ex. 1. Find the equations of the bisectors of the angles between 
the lines 2v—y+2=0 and v+2y+7=0; and draw the four lines in 
the same diagram. 

: F 2a —y+2 
Length of perpendicular from (z, 7) to first line ei oe 


and length of perpendicular from («, ) to second ites ie 
Hence equations of bisectors are 
Bar =yt2_  wt2y+7 


»/5 ied ee 
that is, 22 -—y+2=+(e+2y+7), 
or? = 2—3y=5 and 3¢+y+9=0. 


Ex. 2. Find the equations of the bisectors of the angles between 
the lines 77—3y+1=0 and 3e—7y+2=0; and draw the four lines 
_ in the same diagram. 

Ex. 3. Find the equations of the bisectors of the angles formed by 
the axes XY’OY and Y’OY. ea 

Ex. 4. Find the equations of the bisectors of the angles between 
the lines 3v—4y+1=0 and 57+12y+4=0. 

Ex. 5. Find the equations of the bisectors of the angles formed by 
_ the lines 87—15y+20=0 and 57+ 12y=20. 
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Ex. 6. Find the intercepts made on the x-axis by the bisectors of 
the angles between the lines 157+8y+30=0 and 12%+5y=25. 


Ex. 7. Find the equations of the bisectors of the angles between 
the lines 837—y+2=0 and 27+4y=7. 
Ex. 8 Prove that «+yv=1 is equally inclined to the lines 
4x —3y+2=0 and 3x7—4y+3=0, 
and passes through their intersection. 
Ex. 9. Prove that 127 —2y+7=0 is equally inclined to the lines 
5a—Ty+4=0 and 7r7+5y+3=0. 


37. Intersection of Lines: Concurrency. If two straight 
lines be specified by equations in a, y, referred to rectangular 
axes, then as far as the coordinates of their point of inter- 
section are concerned, the two equations may be regarded 
as simultaneous equations. For example, if we solve the 
simultaneous equations 


2e—-y=7; 4x+3y+1=0, 


we find «=2, y=—3. This shows that (2, —8) is the 
point of intersection of the lines specitied by the equations 
2e—y=T7 and 4v+3y+1=0. 

Again, if we have the three equations, 


2p Sy = 19, wien ta eee (1) 
BABY ==, ss .stasipcavecereyaaNear meee (2) 

Ta 1 Oy ne 1), snies ce coat ae (3) 

and solve (1) and (2) as simultaneous equations, we find 
x=3, y=—2. If we now substitute v=3, y=—2 in 
7a+10y, the left of (8), we find 7a+10y=1, so that the 
three equations are simultaneous equations for «=3, y= —2. 


This means that the three straight lines represented by 
equations (1), (2), and (3) are concurrent at the point (3, — 2). 

More generally, the intersecting straight lines specified 
by the equations 


ax+by+c=0 and aa+b'y+c'=0 
be’ —b’c ees 


meet at the point Conon ahaa 
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Further, the three straight lines specified by the equations 
a,¢+b,y+c,=0, 
at + boy +c, =0, 
a+ by +¢,=0, 
are concurrent if 
A, (be — bsg) +O, (Calg — Czy) +. €, (Ayb3 — Agb,) = 0. 


Ex. 1. Find the point of intersection of the lines 
@+y=3; 2x—3y=11. 
Ex. 2. Prove that the following equations represent three con- 
current straight lines, and find their point of intersection : 
3a+4y+2=0; r—-3y+5=0; 2e4+7y=3. 
Ex. 3. Draw the straight lines y=mx7+2, when m=1, m=—Q, 
m=3. Find their common point. 


Ex. 4. Draw the lines y-—3=m(x—2), when m=1, m= —1,m 2. 
Prove that these three lines are concurrent, and find their common 
point. 


Ex. 5. Draw the two lines represented by 
(Qe+y—7)+kh(3x—4y—5)=0, 
when £=2 and £=—3. Find their point of intersection. 
Ex. 6. Draw the three lines specified by 
Qu —3y —12+h(74+10y—1)=0, 
when £=1, /=—2, k=3. Prove that they are concurrent, and find 
their point of intersection. 
Ex. 7. Prove that the two straight lines 
(20 —y—-1)+p(e@—y+1)=0 
and (24 —y—1)+q(#—yt+1)=0 
intersect at the point (2, 3). 
Ex. 8. Prove that the two straight lines 
(w+y—1)+p(40+3y—6)=0 
and (v+y—1)+9(474+3y—6)=0 
intersect where «+y—1=0 and 47+3y-—6=0 intersect. 
Ex. 9. Prove that the straight lines obtained from the equation 
(v—y-—a+b)+k(at+y—a—b)=0, 
by giving & various values, will pass through the same point, and find 
the coordinates of the point. 
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Pat 4=p, then k=q. We obtain 


(a —y—at+b) + platy —A—D)=O weceeeeceeeeeeeeen ees (1) 
and (v—y—atb)+q (vty —a— b)=O. 0. cece cee ee eee eeees (2) 
To solve these equations, first subtract : 
then plat+ty—a-b)—q(aty—a—b)=0, 
that is, (p-—q)(#@+y—a—b)=0 
or DY 1 — OO ars ons ce ea acevenesneoecwesnane (3) 
Now substitute from (3) in (1), and obtain 
BY —O 4-00. 2 aacagrssae coese acne ee seman (4) 
We have now to solve (3) and (4). 
Add: then -. 2¢—2a=0 or =a. 
‘Subtract : then 2y —2b=0 or y=b. 


Hence, whatever value & has in the given equation, all the lines 
represented by the equation pass through the same point (a, 6). 

Ex. 10. Prove that all the lines represented by the equation 

(v—yt+a—b)+k(e+y—a—b)=0, 
by giving & various values, pass through a fixed point, and find its 
coordinates. 

Ex. 11. If the two straight lines av+by+c=0 and a’x+b'y+c'=0 
meet at the point (p, q), show that (p, q) lies on all the. lines 
represented by ax+by+e+k(a'x+b'y+c)=0, 
where & is a varying constant. 

Ex. 12. Find where the lines 2v+y—3=0 and x—-3y+2=0 meet. 
Prove that all the lines represented by 

(Qe+y—3)+k(x-3y+2)=0, 
where & is a varying constant, pass through the point. 

Ex. 13. Prove that, if & is a varying constant, the system of lines 
(3x —2y+4)+k(20+4y—5)=0 passes through the intersection of 
3a —2y+4=0 and 2v4+4y-5=0. | 

Ex. 14. Interpret geometrically the equation 

(2a —y—3)+hk(a@+3y+2)=0, 
where / is a varying constant. 


38. System of Concurrent Lines. If two intersecting 
straight lines are specified by the equations 


ax+by+c=0 and a'a+b'y+¢e=0, 


then all straight lines through their point of intersection 
are specified by the equation 


ax+by+c+k(ax+by+c’)=0, 
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where & is a varying constant (parameter). The parameter 
k is constant for any one line of the system, but varies as 
the line varies. 


Proof. Let the straight lines 
ax+by+te=0 and awa+b'y+c=0 
meet at the point (p, q), so that 
ap+bq+e=0 and ap+b'q+ec'=0. 
(of course, p stands for sa and q for en 
Then, whatever constant value & has, 
apt+bq+et+k(u'p+b¢q+c)=0. 
Therefore, whatever constant value k has, the line 
ax+by+ce+k(wat+by+c)=0 
passes through the point (p, q), that is, through the 
intersection of the lines ' 


ax+by+c=0 and wa+b'y4+c=0. 
Again, let the three equations 


GEO Ft Oy sissies cocoa donee +1) 
NEA Op A Cpe OE pense reserva sinrm on (2) 
gO+ DY + Cg=O  secsessessecsereensees (3) 


be such that BA 
L(ao+ by +e) + m(age+ boy + Cy) + (age + bgy + ¢3)=0...(4) 
for all values of x and y;, where J, m, 1 are constants other 
than zero; then the three straight lines (supposed: not 
parallel) represented by (1), (2), (3) are concurrent. For, 
let the lines (1) and (2) meet at the point (p, q), so that p 
: Do Cg — Coty 
09 — dab Lie Ob. — Oy, 
Then a,p+b,q+¢e,=0 and a,p+b.g+e,=0. 
But, by (4), " } | 
L(aptbg+e)+m(agp +b3q +e) +0 (a,p +639 +¢,)=0. 


C= 
stands for Ao 
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Therefore n(a,p +b.q +¢,)=0, 
that is, asp +b,q+¢,=0, since n == 0. 


Hence the line a,0+b,y+c,=0 passes through the point 
(p, q), that is, through the intersection of lines (1) and (2). 
Hence the lines (1), (2), (3) are concurrent. 


Ex. 1. Find the equation of the line joining the origin to the point 
of intersection of 83v—y+2=Oand 27+y+3=0. 

The equation 32—y+2+h(2v+y7+3)=0, for varying values of the 
constant &, represents all straight lines through the intersection of 
3u—y+2=0 and 27+y7+3=0. It remains to find the’ particular 
value of & which gives the line through the origin. Put 7=0, y=0 
in the equation containing & ; then 


2+34=0; 
o k=}. 
Hence 3u—y+2-—2(2e+y7+3)=0, 
that is, 5&—5y=0 or x—y=0 


is the line required. 

Ex. 2. Find the equation of the straight line joining (3, —2) and 
the point of intersection of 3¢+5y—7=0 and 27—3y+1=0. 

Let the equation be 

Bu + 5y —7+h(Qe — By +1) =H. ..... ccc e es ecee eee (1) 

The point (38, — 2) les on the line. 

Therefore 3.3+5(—2)—7+4{2.3—3(-—2)+1}=0, 
that is, —8+13h=0 
Ors k=. 
Going back to (1), we see that the required equation is 

3u + 5y —7+-8,(2v —3y+1)=0, 

or 55a+41ly —83=0. 

Ex. 3. Find the equation of the line joining the origin to the point 
of intersection of 5¢—7y+2=0 and 27+8y/=11. 

Ex. 4. Find the equations of the lines joining the following points 
to the intersections of the following lines : 

(i) Point: (1, -1); lines: e—y+1=0; 2e-—y=1; 
(ii) Point: (0,0); — lines: 37+4y=7; 2x — by =8 ; 
(iii) Point: (8,2); lines: 32-5y=12; w+y+3=0. 

Ex. 5. Find the equation of the parallel to 27—3y+1=0 through 
the intersection of #+y+1=0 and 2r—y+5=0. is 

Let the line be LEYLA K(Qe —Y+5)=O. .ccececcoses preter es (1) 
142k 


Then gradient of the line= RL 
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But gradient of 27—3y7+1=0 is 2. 
Hence 


that is; k= — §. 

Going back to equation (1), we obtain 

aty+1—z2v—y+5)=0, 
that is, 67 —9y+21=0 
or 2a —3y+-7=0. 

Ex. 6. Find the equation of the line drawn through the inter- 
section of the lines 37+4y=7 and 4r—5y+11=0, (i) to pass through 
the point (—2, —5); (ii) parallel to 32x—2y=1; (iii) perpendicular to 
3x —2y=1. 

Ex. 7. Straight lines are drawn through the vertices of the triangle 
formed by the lines 27—y+1=0, 37+2y=4, »—y=2, (i) parallel to 
the opposite sides ; (ii) perpendicular to the opposite sides. Find the 
equations of the two systems of lines. 


EXERCISES XII. 
1. Find the intercepts made on the axes by the line 2x —3y=4. 


2. Find the intercepts made on the axes by the line joining the 
points (%, n) and (2, Ya). 

8. Find the intercepts made on the axes by the line whose freedom 
equations are c=a+bt, y=c+dt. 

4, Find the coordinates of the point of intersection of the two 
lines c=a+bt, y=c+dt and 2=d'+b'u, y=e'+d'u. 

5. Find tana and pif the line ar+by+c=0 be expressed in the 
form 7 cosa+y sin o=p. 

6. Prove that the line x-5y+6=0 bisects the angle between the 
lines 327 —2y+2=0 and 2x+3y—4=0 and passes through their point 
of intersection. 

7. Prove that the equation (#—.2,)(y—y)=(v7—42)(y—4y) repre- 
sents the straight line joining (71, 7) and (%, #2). 

8. Prove that the equation 

C(aa+by+c)=c( Art By+C) 
represents the line joining the origin to the point of intersection of 
ax+byt+c=0 and Ar+ By+C=0. 

9. Represent graphically the lines of the system 

y-2un+hy-3+k=0, 4 
for k=1, —2, 3, —4. Show that all the lines pass through a common 
point. ets 
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10. Find the conditions that the two systems of equations 
v=at+bt, y=ctdt and wx=a'+b'u, y='+du 
should represent (i) parallel lines ; (ii) perpendicular lines ; (iii) one 
and the same straight line. 

11. Find the condition that the lines e=a+bt, y=c+dé and 
Au+By+C=0 should be (i) parallel ; (ii) perpendicular. 

12. Find the point of intersection of the intersecting lines 

v=at+bt, y=c+dt and Axr+By+C=0. 

13. One line of the system 

Qr—yt4+kh(v~+4y+5)=0 
meets the z-axis at A and the y-axis at B. If OA=—2, find OB. 

14. Use a book of Tables to find the angle formed by the lines 
4rn—2y+3=0 and 2v-4y+7=0. What are the equations of the 
bisectors of the angles so formed ? 

"15. If } is positive, prove that ax,+by,+c is positive or negative, 
according as (#,, 7,) is above or below the line av+by+ce=0. 


16. Is the origin above or below the line 7+2y=3? 


17. Prove that the origin and the point ( -1, —2) are on opposite 
sides of the line 22+3y+5=0. Find the point where the join of 
(0, 0) to (—1, —2) meets 27+3y+5=0. 

18. If 6 is positive, prove that the point (a—b, a+) lies above the 
line aw+by+1=0. 

19. Prove that the origin lies below the line a@x + b’y=c2. 

20. Prove that the origin lies within that angle, formed by the 
lines 27 —y+3=0 and x—2y+5=0, in which lies the bisector v+y=2. 

21. Prove that the three straight lines 

e+y=2, 
(b-c)x+(e-a)y+(a—b)=0, 
a(b—c)«+b(c—a)y+c(a—b)=0 
are concurrent. 
22. Verify that 
2(2”—y+1)-3(e+y—1)—(#—-5y+5)=0 
for all values of w and y ; and deduce a property of the three lines 
_Wwtyt+1=0, w+y=1, #+5=by. 

23. Find the equation of the line joining the intersection of 
5a—3y+4=0 and «+7y—2=0 to the intersection of 2a+y—1=0 
and 37+ 2y=0. ! 2 an : 

24, The equations y=aa'+b, y=ca+d represent two lines. Express 
cin terms of a, (i) when the lines are parallel ; (ii) when the lines aré 
perpendicular ; (ili) when the lines form an angle of 45°. ape 
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25. Find the equation of the straight line OP which passes through 
the origin and also through P, the point of intersection of 4a—2y=3 
and 5y—3c=4. Write down the equation of the straight line through 
the origin at right angles to OP; and find the coordinates of the 
points in which it intersects the given lines. 

26. Prove that the lines of the system y=(1—k)x+(1+4) all pass 
through a fixed point, and find the coordinates of the point. 

27. If, in an isosceles triangle A BC, the angle at A is a right angle, 
and if (2, 7), (6, 1) are the coordinates of A and 8B, find the coordinates 
of each possible position of C. 

28. The coordinates of A, B, P are (a, 0), (6, 0), (7, v). “Prove that 
the tangent of the angle 4 PB is 

3 ole Sa 

“(x—a)(a —b) +7” 

29. Find the condition that the.three lines 

ar +by+c=0, 

br+cy+a=0, 

ca+ay+b=0 
meet in a point. 

30. Perpendiculars are drawn from the origin to the straight lines 
whose equations are 7+2y=3 and 27+3y=5; find the equation of 
the straight line which joins the feet of the perpendiculars. 

31. Find the tangent of the angle between the lines joining (2, y) 
to (a, 6), (¢, d). 

32. Find what value p must have in order that the straight lines 
px+4y=6, 3v+4y=5, 2v+3y=4 may meet in a point. 

33. A, B are the points (9, 0), (0, 12). Find the coordinates of the 
point of intersection of the medians of the triangle OAB, where O is 
the origin. 
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CHAPTER VI. 


PAIRS OF STRAIGHT LINES. HARMONIC RANGES 
AND PENCILS. CHANGE OF ORIGIN AND AXES. 


39. The Equation uv=0. Certain equations in # and y 
of higher degree than the first can be graphically repre-- 
sented by means of two or more straight lines. 


For example, consider the equation 


1242 — Qary —10y9 — 64 4-17y = C=O. sveesesesscnceeesecs (i) 
. Put v= —2 in (i); : 
then 48 + 4y —107?+12+17y—6=0, 
‘which reduces to 10y? —21ly—54=0, 
that is, (2y+3)(5y —18)=0, 
so that — y= -—1'5 or 36. : 


Hence «= —2, y=—1°5 and «= —2, y=3'6 are points on the graph 
of (i). To obtain an idea of the graph of (i), construct a table as 
follows, noting that to each value assigned to # in (i) there 
correspond two values of ¥ : 


x —2 -l 0) 1 2 


: —15 | -05 | 05 15 2:5 
Y or 3°6 | or 2°4)or 1:2] or O | or—1°2 


giving A, A’ BB’ C,C’ DD £E,E’ of Fig. 31. 

Sin.e the points A, B, C, D, £ lie on one straight line and the 
points A’, BY, 0’, D’, #" lie on a second straight line, it is possible that 
all the point-pairs belonging to equation (i) also belong to one or 
other of these lines. It is easy to show that this is true. 

For 12x? — Qay = 10y?—6x+17y—6 
can be factorised and expresssed as a product thus : 

(2a —2y 4+1)(6x + 5y —6). 
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* If then (, y) is any point on the graph of (i), it follows that 
(Qa —2y +1)(6u+5y—6)=0. 


Hence el meea LO), oat ange -ka5su<eiaslen beards (ii) 
or G2 O76 =O, saad ete sgantn ee acca eas (iii) 
or both 2a—Qy+1=0 and 6x+5y—6=0. .o..cecceeee (iv) 


If (ii) is true, (x, y) must lie on the straight line AZ of Fig. 31; if 
(iii) is true, (x, y) must lie on the straight line A’#’; if (iv) is true, 
(a, y) must be the point of intersection of AH and A’H’. Hence the 
graph of equation (i) is completely represented by two straight lines. 


More generally, if w=0 and v=0 are linear equations 
in w and y, then the equation 
uv=0 
represents the two straight lines w=0 and v=0. 
If w=0, v=0, w=0 are linear equations in a and y, 
_ then the equation uwvw=0 


represents the three straight lines w=0, v=0, w=0. 
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Ex. 1. Find an equation which represents the lines 
e—2y+1=0(i) and 2¢%+3y7+1=0 (ii). 
eh ohrpir ae x—2y+1 by 2v+3y+1, we obtain 
Qa? — ry —6y?+38e+y+1. 
The equation 22°—«y—6y?+3r+y+1=0 represents the two lines 
(i) and (ii). 


Ex.2. Factorise 2x?-a«y—y?+4r+5y—6; and find the two straight 
lines represented by 


Qu? — cy — y® +4 + By —C=O. 2... .cceeeeeeeceeeeeeees (A) 
First Step: Factorise 2a?-—xy—y*?; we get (2v+y)(x—y). 
Second Step: Form the product (22+y+m)(«#—y+7). 
Third Step: Multiply out : 
2a? — ay —y*+(m+2n)x+(—m+n)y+mn. 


Fourth Step : Comparing the coefficients of 7 and y, and also the 
absolute term in this expression with those in the given expression, 
eo m+2n=4 (i), —m+n=5 (ii), mn=-—6 (ili). 


Fifth Step : Solve (i) and (ii) as simultaneous equations in m and n, 
getting m= —2, n=3,; and verify that (iii) is then satisfied.* 


We find 2a7-—wxwy—y?+4r+5y—-6=(Qe+y—2)(vx—y+3). 

The two straight lines represented by (a) are 2e+y—2=0 and 
«—-y+3=0. 

Ex. 3. Factorise 6v?+13xy +57? — 16x —22y +8. . 

Ex. 4. Factorise 77.7? — 6527 — 88y? - — 52v+ 107y —9. 


Ex. 5. Show that the following sudsiiane represent two piraight 
lines, and find their equations : 


(i) @y=1(e=y+1)=0; (ii) 2 -e—y=03 

(iii) 2a?—ay—y?—Ba+1=0; (iv) 6x? + 5xy —6y?- 34+ 28y—30=0; 
(v) 1522+19xy—10y?+7a+22y—4=0; 
(vi) 840? — 66xy — 549? a r+ 93y—40=0 5. 

(vii) 3v?—10xy+3y?=0 ; (viii) abx? —(a?+ 0.29 +aby?=0 

(ix) (jenseouneare. b)y=03 (x) aa? + 2hay +b 0X 
*Tf the last term in the given expression viz., —6, be replaced’ ‘by any” 


other number, then (iii) would not be satisfied for m= -2, n=3. this 
shows that it is.exceptional for such expressions to have factors. 
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40. Condition that ax?+ 2hxy + by?+ 2gx-+2fy+e=—0 should 
represent two Straight Lines. The necessary and sufficient 
condition that the equation 


ax? + Qhay + by? + 2ga+ 2fy+o=0 ...ccceceee. (t) 
should represent two strai cht lines is that 
abe + 2fgh —af2—bg?—ch?=0. ............... (2) 


Proof. (i) If a==0, instead of equation (1) we may con- 
sider the equation 
a? + Qahay + aby? + 2agx+2afy+ac=0; ...... (3) 
for (3) may be derived from (1) by multiplying both sides 
of (1) by a, and (1) from (3) by dividing both sides of (3) 
by a, since a == 0. 
From (3), we have 
ax? + 2ahay + 2agx = — aby? — 2afy —ac. 

Add h?y?+2ghy +g" to both sides in order that the left 
side may be the square of a~a+hy+g; then 
wa? + h7y? +9? + 2ahay + 2agx+ 2ghy 

=(h?—ab)y’?+2(gh—af)y+(g—ac), 
that is, 
(ax+hy +g) —{(h? —ab)y? + 2(gh—af)y +(g?—ac)} =0. (4) 

Now (h?—ab)y?+2(gh—af)yt(g?—ac) is a_ perfect 
square as regards y (that is, is the square of an expression 
of the first degree in y) 
if 4(gh—af P=4(h? —ab)(g?— ae), 
which reduces to 

abe + 2afgh — a?f? — aby? — ach? =0 
or, since a= 0, to 
abe+2fgh —af? —bg? —ch?=0. 

This is the condition that the left-hand expression of (4) 
can be factorised. Hence it is the condition that equation 
(1) should represent two straight lines. Since the steps of 
the argument are reversible, the condition is both necessary 


and sutiicient. 


G.A.G, F 


82 ANALYTICAL GEOMETRY. [CH. VI. 


(ii) If a=0 and b=0, by interchanging a@ and 0b, and 
a and y, we see that the same condition holds. 


(iii) If a=0 and b=0, but h=-0, then (1) becomes 
2hay + 2gx+2fy+e=0 
c 
or ny +4 att y+ 5 =0, 
since h == 0. 


Since the left-hand must factorise, there must be numbers, 
and q say, such that 


SE ES 
ay Fete Y top = (+p) yt) 


=ry +qxe+ py + pq, 
that is, such that 
a 
ho Poh oR 
a MAE 
Hence Sy 
or 2tgh—ch?=0. 


But this is what (2) becomes when a=0 and b=0. 
Hence condition (2) still holds. 


(iv) If a=0, b=0, h=0, equation (1) becomes linear in 
x and y, and therefore drops out of the discussion. 


41. The Equation ax?+2hxy+by’?=0. Equation (1) of the 

preceding section, when g=0, f=0, c=0, takes the form 
aa" + Qhay + by? =0, 

which is of special interest. This equation always represents 
two straight lines through the origin; if h?—ab is positive 
the lines can be graphed and are real, if h?—«ab is negative 
the lines cannot be graphed and are imaginary, if h?—ab 
is zero the two lines consist of the same line twice over. 


For example, the equation 


Dar ay = Cy" =0 I. actcaeeenructhacdeeder user (1) 
can be written in the form 


(Bx —2y)(w+3y)=0, 
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and therefore represents the two lines 
32—2y=0 and #+3y=0, 
that is, the lines through the origin of gradients 3 and — 
The equation Ch A A pees Ca Sn St ech PPE, (2) 
can be written in the form 


1 She = 3 


2 
where i= — 1, and therefore represents the two lines 
pie askite O and oe Heys 7—0; 


these are two imaginary lines through the origin. 
The equation Age AN Dat OY O Pon cadc ce ecesenansdenasierees (3) 
can be written in the form 
(27+3y)(22 + 3y)=0, 
and therefore represents the line 
24+ 3y=0, twice. 


If the equation aa’?+2hay+by?=0 


represents the two lines through the origin of gradients 
m, and ™m,, then the lines are 


y—m,c2=0 and y—ma=0. 
These are both represented by 
(y¥—mx)(y — mse) = 0, 


that is, Y? —(M, +My) HY HM MyL? =0. eesrersereereees (1) 
| But aa? + 2hay + by? = 
ean be written in the form 
2h 
Yy aa ay tye Lee See (IT) 


Hence (I) and (II) must be the same equation. Therefore 
M,+M,= a and mymy=>- ace» aot Ak) 


These relations are important, as the following exercises 
_will show. 
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Ex. 1. Find the condition that the two lines represented by the 
equation ax?+2hry+by?=0 may be perpendicular to one another. 
Let the gradients of the lines be m, and my. 


: 1 Zi Diet > 

Then either y= “i Oo i= ay 
that is, MyNey +1 =O. 
Hence, from (IIT), 5+ 10 
or a+b=0. 


Since the steps are reversible, the condition is sufficient as well as 
necessary. , 


Ex. 2. Find the condition that the gradient of one of the lines 
represented by av?+2hry+by?=0 should be double that of the other. 
Let the gradients be m, and mg. 


Then either M,=2M, OF m,=2m,, 
that is, m,—2m,=0 -or mg —2m,=0. 
Therefore (m, — 2my)(my — 2m,)=0, 
or 5myMy — 2(m,2+m,2)=0, 
or Imymy — 2(m, + my)? =0, 
9a 8h? : , 
or, by (IID), “se $= 0, 
a 8h? =9ab. 


Since the steps are reversible, the condition is sufficient as well as 
necessary. 


Ex. 3. Prove that the condition that the gradient of one of the 
lines represented by a+ 2hxy+by?=0 should be the square of the 
gradient of the other is that ab(#+b)=6abh—8h/%. Is the condition 
sufficient ? 


Ex. 4. Find the necessary and sufficient condition that of the lines 
represented by aa*+2hxry+by?=0, twice the gradient of one with 
thrice the gradient of the other should equal 5. 


Ex. 5. Find the necessary and sufficient condition that one of the 

lines av?+2hay+ by?=0 should coincide with one of the lines 
a'a?+ Qh'ay + b'y?=0. 
- Ex. 6. Prove that the equation 
6x? + 5.ry — 4y2=0 
represents the parallels through the origin to the lines 
6x? + dary — 4y?—Tex+9y—5=0. 

Ex. 7. Find the equations of the parallels through the origin to 

the lines 6x? + bry — 6y? — Tx —4y+2=0. 
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Ex. 8. Prove that the pair of lines 
bx? — 2hvy +ay2=0 
are the perpendiculars through the origin to the pair of lines 
au* + 2hay + by? =0. 
Ex. 9. Find the equations of (i) the parallels, (ii) the perpendiculars 
through the origin to the lines represented by - 
aa? + Qhay + by? + 2gx+ Wy +ce=0. 


42. Angle between the Lines ax?+2hxy+by?=0. Let the 
two lines represented by 


an + 2hey + by?=0 


be MN Bins se LY AN 9 =I Ms... -.(2):; 
2h a 
then m,+m,= Boe (3) and MyMy =P vvrees (4), 


by equation (IIT) of § 41. 
Let 6 be the angle between lines (1) and (2); then, by § 35, 
PE ed 
tan 0= Ber teeiing een ct ak ut (5) 
But (m,—mM,)? =(m,+ M2)? — 4inymy, 


BE Bet) 5 snr (BY ari tA): 


BB b 
Therefore M,—My= + eles, 
a a+b 


Also, from (4), 1+m,m,=1 +7 TIM 


M,— Mz _ 4 2Nhi— ab 
l+mm, ~— atb ’ 


2V h? — ab 

and therefore, by (5), tan if arer ane 
if the ambiguity in sign be dropped. 

Cor. The lines are perpendicular if a+b=0. 


Ex. 1. Find the tangent of the acute angle between the lines 
iven by the equation 3x? -10cy+3y?=0. Find the angle from a 
ook of Tables. 


Hence, 


Sy 
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Ex. 2. Prove that the angle between the pair of lines 
30? — Tay +4y2=0 
is equal to the angle between the pair 62? —5ay+y?=0. 

Ex. 3. Prove that the angle between the pair of lines specified by 
the equation 222?—5ry—372?+a2+1ly—6=0 is equal to the angle 
between the pair specified by 2? —5xy—3y?=0. 

Ex. 4. If av?4+2hry+by?+2gv+2fytc=0 represents a pair of 
straight lines inclined at an angle 6, prove that 
ah? — ab 
tan anes . 

Ex. 5. If 6x?—11xy—107?-19y+c=0 represents two straight lines, 
find the equations of the lines and the tangent of the angle between 
them. 


43. The Bisectors of the Angles between the Lines 
ax”-+ 2hxy + by”=0. 
Let the lines represented by the equation 
aa” + 2hey + by? =0 


be y—mx=0 and y-m«=0, 
so that m,+m,=—2h/b and m,m,=a/b, by (IIT) of § 41. 
Let m,=tan@, and m,=tan @,. 


Then if tan 6 is the gradient of a bisector, we may write 
tan 20 =tan (0,+0,); 
2 tan 0 tan 0,+tan 6, 


therefore 5 - 
l—tan’@ 1 —tan 6, tan 6, 
_ ™Mm+m, _—2h/b_ 2h 
l—mym, 1l—a/b a—b 
Hence (a—b) tan @=h(1 —tan?6) 
or htan’@+(a—b) tan O@—-h=0, ......eeeee ees (1) 
If the equations of the bisectors are 


y-—n,02=0 and yong=0, 205. evccines (2} 
m, and n, are.the roots of (1), so that 


N+2,= — se and Mee —1. se. etes (3) 
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But, from (2), the equation of the bisectors is 
(Y—N,£)(Yy — Nx) =0 


or y?— (1, +n, )xy +n,n v7 =0. 
Hence, from (8), the equation of the bisectors becomes 
pt aya? =0, 
or ha? —(a—b)ay —hy?=0, 
a —y? _ay 
ai 


Ex. 1. If (#, y) is a point on a bisector of the angles between 
¥y—-—maz=0 and y—m,7=0, show that 
(y= mx) _(y — myx 


l+m? 1+m,2 
and deduce the equation of the bisectors of the angles between the 
line-pair az?+ 2hxy + by? =0. 


Ex 2. If m is the gradient of a bisector of the angles formed by 
the lines y—m,7=0 and y—m,xr=0, show that 


b) 


M—-M,  M,—M 
l+mm, 1+mm, 


and deduce the equation of the bisectors of the angles between the 
line-pair aa*+ 2hay + by?=0. 


44. Harmonic Ranges. If A, B, C, D are four points on 
an axis such that AG JER 


On DB’ 


that is, such that AB is divided internally and externally 
in the same ratio at CO and D (Fig. 32), then AB is said to 


ke ac a 


Fig. 32. 


be divided harmonically at C and D, Equation (1) may 
also be written in the form 

CA -— OB 

ape 2D: 
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so that CD is at the same time divided harmonically by 
A and B. A, B, C, D form a harmonic range; A and B 
form one pair of conjugate points of the range, C and D 
form another pair. We also say that (A BCD) is a harmonic 
range. 

If A, B,C, D lie on an a-axis, origin O, and if their 
abscissae are @,, @, #3, #, respectively, then 


AC=0C0-—OA=2,-—2,; CB=2,—2,; 


AD=a,-2,; DB=2,—a,. 
Hence il Ps Oa AE 
Ly — Hs y— Hy 
which may be written in the form 
(@, +0 5)(Wg + Bq) = 2g A Wy). “se vecveevae? (2) 


Since these steps are reversible, relations (1) and (2) are 
equivalent. 

The relation (2) has three important forms as follows. 

I. If (ABCD) is a harmonic range, and O is the middle 
point of AB, then O0A2=0C.0D : 
and conversely. 

Take O to be the origin of the axis on which lie the 
points A, B, C, D. Then we may put «,= —a, or a, +2,=0 
in (2), when we obtain, after division by 2, 


0= —2#7+2,0, 
or Ly” = Oy, 
But eo '=O0A* «,=06, «,=O0D. 
Hence OA?=O0C. OD. 


Since the steps are reversible, the converse holds. 
II. If (ABCD) is a harmonic range, then 
EY 1 1 
AB AC AD 


and conversely. 
Take A to be the origin of the axis on which lie the 
points. Then we may put #,=0 in equation (2), when we 


obtain 
L5(®y+H,) = Qr.0,. 
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Divide both sides by x,a,2, ; 
then aye = a 
XL, Xs Xs 
But tao AD, t= AC. #= AD. 
- 
Therefore AB = ait at 


Since the steps are reversible, the converse holds. 
III. If the roots of the equations 
ae+2bet+c=0 and aa?+2b’r+c=0 
are the abscissae of A and B, and C and D, where (ABCD) 
is a harmonic range, 
then ac’ +ac=2bb’, 
and conversely. 


2b 


c 
For Ly, = --—, Lyk, =—3 
2 o ee 
26’ Ce 
L+0,= ee he eae 
Substitute in (2); 
4b5b’ CVE 
then = ( + ,) 
ad Eni 
or ad +a/¢ = 2bb". 


Since the steps are reversible, the converse holds. 


Ex. 1. If (ABCD) is a harmonic range and 0’ bisects CD, prove 
that BC. BD=BA. BO, and conversely. 


Ex. 2. If (ABCD) is a harmonic range, O and O’ the middle points 
of AB and CD, prove that 


(i) AC. AO=AD. OC; (ii) 4B?+ CD?=400? ; 
(iii) AB.CD+2AD.BC=0; (iv) CA.CB+DA. DB=CD". 
Ex. 3. If (ABCD) is a harmonic range and P any point on the line 
of the range, prove that 
(i) PA. BC+ PB.AD+PC. DB+PD.CA=0; 


rs (YG SEXOE 2D) 
() 2 Bo eta 
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45. Fundamental Theorem. The following theorem is of 
fundamental importance. 


Let (ABCD) be a harmonic range, and let lines be drawn 
from any point O outside the line of the range to pass 
through A, B, CO, D (Fig..33). If any line A’B'CD' be 
drawn to cut OA, OB, OC, OD in A’, BY, C’, D’ respectively, 
then (A’B'C'D’) is also a harmonic range. 


Fie. 33. 


Through C and C’ draw XCY and X’C’Y’ parallel to OD 
to. meet) OA and OB in-X and”) Vand .x- anders 
respectively. 


Sin aelo aeee es 
Th —— 
a CB~ ~ DB’ 
since (A BCD) is a harmonic range ; 
AC CB 
theref ee 
erefore ADT UDB te (1) 
But Be ee 
2D OD 


since triangles AC.X, ADO are similar, 
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cB _YC 
DB OD 
since triangles CBY, DBO are similar. 


and 


Substituting these values in (1), we obtain 


a WO. 
Cee Ops 
therefore XC=— YC. 
Flerice GC. ig-the middle point OL GAY. “sascece. cs sics clo oo as (2) 
CX C 
But Ox : CO and — a from similar triangles. 
CAL Gs 
Therefore OV=VO: 


hence CX'= YC, since CX = YC, by (2). 
We may now reverse the steps from (2) to (1), using » 
dashed letters, whence we obtain 
; AC AD, 
CRW Tee 
or (A’B’C'D’) is a harmonic range. 


46. Harmonic Pencils. If four straight lines OA, OB, 
OC, OD are drawn from a point O to four points A, B, C, D, 
which are such that (ABCD) is a harmonic range, the 
four lines, called rays, form a harmonic pencil; and if any 
line, called a transversal, be drawn to meet the rays, the 
four points of intersection with the rays form a harmonic 
range, by the theorem of § 45. O(ABCD) is called a 
harmonic pencil; OA and OB form one pair of conjugate 
rays, OC and OD the other pair. Certain forms of the 


equations of the rays of a harmonic pencil are important ; 
these we proceed to investigate. 


I. The lines y=+ka are harmonically conjugate with 
respect to the lines z=0 and y=0 for any value of kh. 
Consider the four lines 


y=ke (i), y=—kea (ii), v=0 (iii), y=0 (av). © 
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On (i) take a point A(a,, y,); through A draw a line to 
meet (iii) in C and (iv) in D. Mark on the line the point 
B(a, Y), the harmonic conjugate of A with respect to 


Cand D. 
Then AG Ad © 
CB DB 2’ , 
so that C is the point 
MA, +NH, MYyg+N a 
m+n’? m+n 
and D is the point 
MXy— NL, ae 
( m—n’> m—n / 
It remains to show that B lies on (11). 


: wes My + NX: m x 
C lies on (iii), therefore —~ 4=0 or —= —-+ ....(v) 
M+N n en ee 
: : MYs— 1 m ; 
D lies on (iv), therefore Me TO or a8, (vi) 
m—n nN Yo 


Hence, from (v) and (vi), 
te Pie 944.995) 
ae Be aaa 


But th =k, since A lies on (i); therefore 
. 


k+2=0 or Yo= —kay, 
ts 


that is, B lies on (ii). 

The proof does not assume that the axes are rectangular, 
so that we have at the same time an analytical proof of 
the Fundamental Theorem. If the axes are rectangular, 


there is an easy geometrical proof depending on Euc. VI. 8, 
which is left to the reader. 


II. The lines aa+by-+e a +k(a’a+b'y+c’) are harmoni- 
cally conjugate with respect to the lines 
ax+by+c=0 and wa+bvy+e =0, 
for any value of k. 
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Consider the four lines 


ax+bytcoH=k(a a+b y+’), iccccecccccscecens (i) 
an+by+e= —kh(Watv y+), ce i ccceecee. (ii) 
axv+by+c=0,...... (a1) Wae+by+o=0. 2.0... (iv) 


On (i) take a point A(z,, y,) (Fig. 33, p. 90); through A 
draw a line to meet (iii) in C and (iv) in D. Mark on the 
line the point B(#,, y,), which is the harmonic conjugate of 


A with respect to C and D. 
Then ater tl ae say, 


CB™ DB a 
and therefore the coordinates of C and D have the same 
form as in Case I. 
It remains to show that B lies on (11). 
C lies on (111); therefore 
a(Ma, A Ma) A omy, + Ys) 4 0 
m+n m+n 
that is, ik Sereno tae an Pe ee Senners Pee (v) 
n Ait, + by, +e 
D lies on (iv); therefore 


a(max,—n2z,) , o(my,—n i 
( ae ee a Nie = 6) 
Ae all a 
n Wt,t+b yt 
Hence, from (v) and (vi), 
ax, +by,+e ,va,+by, nee 0 
at,+by,+e Wa,tby,te 


dat, +by,+e | d,t+by,t+e 


> 


Ea a oe rine be cngeniegiovdon'ss (vi) 


e va, +by,+e Uka+oYy,te — 
But wet ,=k, since A lies on (i); therefore 
‘ b C 


that is, B lies on (11). 
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Note that this is also an analytical proof of the Funda- 
mental Theorem. 

III. The lines 

an? +2hay+by?=0, (i) and (ii), 
are harmonically conjugate with respect to the lines 
wa +2h’ay +b’y?=0, (ii) and (iv), 

if ab’ +a/b=2hh’. 

Let the transversal y=1 meet the lines (i) and (ii) in 


points denoted by their abscissae 7, and 2, and the lines 
(iii) and (iv) in #, and a, (Fig. 34). Then (1), (a1), (41), (iv) 


Fig. 34. 


form a harmonic pencil if («,7,7,7,) is a harmonic range. 
But w, and a, are the roots of aa+2ha+b=0; and , and 
a, are the roots a/a*+2h’a+b'=0. Therefore (,x,@,0,) is 
a harmonic range if ab’+a’b=2hh’, by § 44, TIT. 

The method of proof used in I and II may be used here 
also, and is left as an exercise to the reader. 


EXERCISES XIII. 
1, If the line joining A(#,, y,;) and B(w., y,) meet the line 
axz+by+c=0 
AG _ an, +by,+e 


in C, prove that me ‘ 
AS CB aaytbyy+e 
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2. If a transversal DEF meet the sides BO, CA, AB of triangle 
ABC in D, E, F respectively, prove that 


BD CE AF__, 
DE NASER 
and conversely (Menelaus’s Theorem). 


_ 3. If the line joining A(x, y,) and B(x, y2) be cut in CO by the 
line joining (73, 73) and (a, 44), prove that 


AC _ _2Y3— U3, +1344 - VsYg+ L491 —L1Yq 
CB LaY3— U3Yq+ U3Yq— U4Y3t LyYo— Loy 

4, If the lines joining the vertices A, B, C of triangle ABC to any 
point S meet the opposite sides BC, CA, AB respectively in D, E, F, 
prove that BD CE AF 

POEL FBO 
and conversely (Ceva’s Theorem). 

5. (ABCD) is a harmonic range on the x-axis. The abscissae of 
A and # are the roots of the equation #?-—7z+5=0 and the abscissa 
of Cis —1; find the abscissa of D. 

6. The points on the z-axis denoted by #?+3x2-—2=0 are harmoni- 
cally conjugate with respect to the pair denoted by v?+5r%+q=0; 
find the value of g. 

7. The points P, Q are harmonic conjugates with respect to the 
points 2,=4 and x#,=7, and also with respect to 7,=—5, a= —2, 
where all the points lie on the z-axis ; find the abscissae of P and Q. 

8. The three pairs of points v=2 and #=6; #=3 and «=4; 
xz=-—land v=k have a common segment of harmonic section ; find the 
value of &. 

9. Prove that the pair of points denoted by 

(ax+b)(b'2+¢)=(a2+b')\(bs+e) 
is harmonically conjugate with respect to both pairs of points 
denoted by ax?+2br+ce=0 and a’z?+2b'4+c'=0. 
10. If the points 7, 7%, %,, 7, on the z-axis form a harmonic range, 
so do the points 7, ¥25 73, Y4 on the y-axis, where 
| ant 
I~ co+d 


11. Prove that the lines 
202 Iry—y®=0 and 2?+3xy-y?=0 
form a harmonic pencil. 


12. The lines 
5a®—ay—-y?=0 and 42°+kry—3y?=0 


form a harmonic pencil ; find £. 
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13. The equations of three rays of a harmonic pencil are 
Qv—y+3=0, 3e—4y+7=0, w—-y+2=0; 


find the equation of the fourth ray, the first two rays being conjugate 
rays. 


14. Prove that the four lines 
507 —2y+1=0, 2+2y—4=0, 
13¢—107y+11=0, 17%-—2y—5=0 
form a harmonic pencil. 


15. The lines y=m,x and y=m,r are harmonically conjugate with 
respect to y=m,v and y=my,x, if ~ 

My — Mz M4— My 

M3—Ms My — M4 


=1. 


16. The lines y=m,v and y=my,r are harmonically conjugate with 
respect to the lines axz*+ 2hvy + by*=0, if . 


ath(m,+m,)+ bmym,=0. 
17. If y=m,2, y=, y=M x, y=M,v form a harmonic pencil, so do 
YHNL, YHNql, Y=Nzgl, Y= Ng, 


_atbm 


where n= : 
e+dm 


18. If one pair of conjugate rays of a harmonic pencil are at right 
angles, they are the bisectors of the angles formed by the other pair, 
and conversely. 


47. Three or More Lines through the Origin. 
Let y—mw=0(1), y-mw=0(2), y—m w=0 (8) 
be three lines through the origin. Then the equation 
(y—m,x)(y — Mx) (Y —M,0)=0 oe n somal Si) 
represents the lines (1), (2), (3). 
If (4) be expanded, it takes the form 


yr—(M,+M,+ Ms) YH + (MyM + MM, +M,My) Yu? 


—m,m,m 2 = 0. 
This is of the form ls 


an? 4- barry + cary? + dyb =O, os vss enveves ona (5) 
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so that (5) represents three straight lines through the 
origin of gradients m,, m,, m3, where 


c d 
My +M.+M3= — qq: Mems + MyM, + MM, = i ; 


: 
M,MNM3= — ee (6) 


Gee 
Similarly, the equation 
ax* + bury + cx*y? + day? + ey*=0 
represents four straight lines through the origin ; and so on. 


Ex. 1. Find the condition that two of the three lines 
an? + bx?y + cay? + dyr=0 


should be at right angles. 
Let the gradients of the lines be m,, m2, mz. 


Then either (1+mm,)=O0 or (1+mm3)=0 or (1+mgm,)=0. 
Therefore (1+ mymz)(1+m2m3)(1 +mm,) =0, 
that is, 1+(mym,+m m,+ mm) + mmns(m,+M,+mMs;) +m 2m,2m;?=0 5 
therefore, by (6) above, 


Gp Mile rege 
CYA Mar 


or @+act+bd+d?=0. 


Since the steps are reversible, the condition is sufficient as well as 
necessary. 


Ex. 2. Find the necessary and sufficient condition that the gradient 
of one of the lines specified by the equation 


| ¥— Pye + prya? — py =0 
be equal to the product of the other two. 
Ex. 3. If the gradient of one of the three lines 
: ¥— Piya poyt” — pst? =0 
be equal to the sum of the other two, prove that 
‘PrP — 4p Pot 8p3=0 5 
and show that the condition is sufficient. 
Ex. 4. If the gradients of the four lines specified by the equation 
of! — piyrat poy?a? — pays + py =0 
are in proportion, prove that p.2=p,p:" ; and prove that this condition 


is sufficient. 
GAG. G 


98 ANALYTICAL GEOMETRY. [CH. VI. 


48. Change of Origin. Let X’OX, YOY be a rectangular 
system of reference, and let ££, wy be another rect- 
angular system of reference, the a- and €-axes being 
parallel and the y- and y-axes also parallel (Fig. 35). 

Let (x, y) be the coordinates of a point P referred to 
X’'OX, YOY; let (€ ) be the coordinates of P referred 
to €w€, y/o; let (h, k) be the coordinates of w referred to 
el) Ae Sahl: 


then x=€+h and y=7+k. 


Proof. Let »’wn meet X’OX in H, and let MP, NP be 
the ordinates of P referred to the two systems, M lying on 
X’OX and N on €'w€. 


Fig. 35. 


Then e=OM=0H+HM=O0H+oN=h+ €=E+h; 
y=MP=MN+NP=HotNP=k4+yn=n+k. 


For example, if the bisector of the angle YOY be referred to parallel 
axes through (2, 1), its equation referred to the new axes Ew, 7/wn is 


n=E+1.. 
For y=« (i) is its equation referred to the first axes ; put 
r=€+h=E4+2 and y=ntk=n+1 
in (i); then we obtain 
n+1=E4+2 or- n=E+1 


as the equation of the line referred to the new axes. This is easily 
verified from a figure. 
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49. Rotation of Axes. It is sometimes useful to change 
from one system of rectangular axes of reference to 
another formed by rotating the old axes through an angle; 
we proceed to find the formulae necessary for the trans- 
formation of equations. 

Let €'0€, 1'Oy be rectangular axes obtained by rotating 
the rectangular axes X’OX, Y’OY through an angle @ 
(Fig. 36); let (x, y) and (€, 7) be the coordinates of a point 
P referred to the two systems. 


Then x= €cos 0—y7sin 0, 
y=€sin 0+7 cos 0. 


Fic. 36. 


Let angle €0P=¢. 

Then «=OP cos (6+¢) 
= OP (cos 9 cos #—sin sin ¢) 
=(OP cos ¢).cos @—(OP sin ¢) . sin @ 
= £cos 0—y sin 0. 

Also y = OF sin (0+ ¢) 
= OP (sin 6 cos ¢ + cos 6 sin ¢) 
= (OP cos ¢) . sin 0+(OP sin ¢) . cos @ 
= €sin 0+7 cos 0. 
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Ex. 1. What is the equation of the line 22—3y=5 (i) referred to 
parallel axes &€ and 77 drawn through the point (—1, —8) referred 
to the w- and y-axes ? 

Put a=€+A=E-1 and y=yn+h=n-3 in equation (i). We obtain 
2(€—1)—3()—3)=5 or 2€—3n+2=0 as the equation of line (i), when 
referred to the €- and 7-axes. 

Ex. 2. Find the equation of the line 3x—2y=5 referred to parallel 
axes £€ and 77 through the point (1, —1) referred to the old axes. 

Proceeding as in Ex. 1, we obtain as the equation 

3(E+1)—2(y 1) =5. Or SEHBy. ..c.c0e ceessenes (ii) 

It appears that the line passes through the new origin, as it must, 
since (1, —1) lies on 3v-2vy=5. Since the gradient in each case is 
3/2, it is clear that equation (11) is correct. 


EXERCISES XIV. 


1. The two lines 3¢—4y+2=0 and «—7y+1=0, when referred to 
parallel axes €’€ and »'n, are represented by the equations 3§=4y and 
&=n respectively. Find the coordinates of the new origin referred to 
the w- and y-axes. 


2. The lines (w—y+2)(a@+y+4)=0, 
when referred to parallel axes through the point (A, /), are represented 
by the equation €2—12=0. 


Find f and &. 


3. Prove that the parallels through the origin to the lines 
2a" + Bay — 8y? — 38x +5y—2=0 
are the lines Qu? + bay —3y?=0. 
4, Find the equation of the parallels through the origin to the lines 
ax + Qhay + by? + 29x + 2fy+ce=0. 
5. If @ is the angle between the lines 
ax® + 2hay + by? + 2gx + 2fy +e=0, 
prove that tan 6=2Vh?—ab/(a +5). 
Prove also that the lines are perpendicular if a+b=0. 
6. Prove that the equation 
aa —p) + 2h(w— p)(y — 9) + by -g=0 
represents two straight lines passing through the point (9, q). 


_ 7. Prove that any pair of perpendicular lines through the point 
(p, 7) can be represented by the equation he “a 


(v— py + 2h(w—p)(y-9)—-(y- 9? =0, 
where / is a varying constant (parameter). 


eae lea 


Sn 
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If such a pair intersect the z-axis in A and dA’, and the y-axis in 
B and B’, prove that 

(i) OA. OA’—p(OA+04’)+p?+¢?=0, 

(ii) OA. OA'/OB. OB = —1. 
8. If the line-pair 


an + Bhay + by? + 2GLAWYACHO weceecesecceveccesene (i) 
be referred to parallel axes through (p, g) so that their equation takes 
the form a&? + 2h&n+bny2=0, 


find p and q in terms of the coefficients of (i). 


9. Parallels to the lines 
ax® + 2hay + by?=0 
are drawn through the point (p, qg); find the equation of the bisectors 
of the angles formed by the parallels. If perpendiculars are drawn 
instead of parallels, find the equation of the bisectors of the angles 
so formed. 


10. If a given line be referred to parallel axes through any point 
on a line parallel to the given line, then the new equation of the line 
is of the same form whatever be the position of the origin on the 
parallel line. 

11. Find the equation, referred back to the w- and y-axes, of 
a straight line whose equation referred to parallel axes €€ and 7’ 
through the point 7=3, y=—2 is 126-7y=11. 

12. Through the point w=1, y=—1 are drawn &- and 1-axes 
parallel to the z- and y-axes. The equation of a line-pair referred to 
the € and 7-axes is 

4&4 4£n — 3n? —26 + 5n —2=0. 
What is the equation of the line-pair referred to the x- and y-axes ? 

13. Find what the equation 2r—y+3=0 becomes when the axes 
are turned through 45°. 

14, Find what the equation 

a —y? —2,/27—10,/2y+2=0 
becomes if the axes are turned through 45°. 


15. Transform the equation 
(2 —yP=o(v+y’) 
to an equation referred to axes which bisect the angles between the 
original axes. 
16. Transform the equation 2?+7?=a? to another set of rectangular 
axes which have revolved in a negative direction through an angle 


T : 
i from the given axes. 
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17. Transform the equation 
(a2 +b?)(a? + y*) + 2(a? — B) ay =2a*b* 


to axes bisecting the angles formed by the original axes, and reduce 
it to its simplest form. 


18. Transform the equation 2®—2ry cot 2a—y?=a? by turning the 


axes through an angle («-2 , and thence graph the equation. 


19. Transform the Spa 
~y2—4,/2x = dgay a2 0 
by turning the. axes anh 45° and then moving the origin to the 
point (—2, —6) referred to the axes so turned. Show that the equa- 
tion then becomes )=14, and thence graph the given equation. 
20. If the expression 
ax? + Qhay + by? + 29a + 2fy +e 
be transformed, by turning the axes (§ 49) through an angle 6, into 


the expression 
WE +WE+ By? +29 E+ 2g +e, 
prove that a’ =a cos?9 +2h sin 6 cos 8+ 6 sin6, 
b’=asin?6 —2h sin 6 cos 6+5 cos?6, 
h'=(b—a) sin 6 cos + A(cos®@ — sin26), 
and then show that a+b=a'+0’, ab—h?=a'b'—h”, 
whatever be the angle @. 


21. If 7x?+4xy+4y* becomes a’&2+b'n? by rotation of the axes, 
show that a’=8, b’=3 or a’=3, b’=8. 
a If oe 37? becomes a’'24.Bin? , Show that a’=6, b’=—7 or 
22. If the axes are turned through 45°, show that the equation 
S4 2p =B3axy 
becomes 37?(/2.a+26)=3,/2. a&? 28, 


§ 50] 


CHAPTER VIL. 


THE CIRCLE. 


50. Equation of a Circle. A circle is specified when we 
know the position of the centre and the length of the 
radius. 

Let axes X’OX, Y’OY be drawn, and scale-units fixed. 


if 
BeBe 


Pam 
ail 

a 

a 


aaah LS J 
) 


I. Suppose the origin O is the centre of the circle. 
Let r=radius of circle. 
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Let P(h, k) be a point on the circle (Fig. 37), M the 
projection of P on X’OX. 


Then OM?+ MP?=0OP?, 
that is, +hP=r*, 


Writing x for h and y for k to indicate a variable point 


on the circle, we get 
xty=r 


as the equation of the circle. 


II. Suppose O, the origin, is not the centre of the circle. 
Then the centre of the circle, as well as the radius, must 
be specitied. 


Let (a, b) be the coordinates of the centre. 
Let r=radius of circle. 
Let P(h, k) be any point on the circle. 
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_ We have to translate the defining property of a circle 
into an equation connecting h and k with the constants 
a, b, r which specify the circle. 

Let C be the centre of the circle. 

Let H, M (Fig. 88) be the projections of 0, P on X’OX. 

Let the parallel to X’OX through C meet MP in N. 


Then OH=a, HC=b, OM=h, MP=h. 


Hence CN=HM=OM—-OH=h-2; ...cp rene. (1) 
and NP=MP—MN=MP-—HAC=k—b. .......... (2) 
But the defining property of the circle gives the equation 
Upten 1, 
Therefore CN?24+ NP?2= 7%, 
or (h—ay+(k—b) =r", by (1) and (2). 


Writing « for h and y for k to represent a variable point 

on the circle, we get 
(2—ayP+(y—bP=r?. 

If then a system of rectangular axes be chosen, so that a 
circle, radius 7, has its centre at the point (a, b), the circle 
can be represented by the equation 

(x—a)?+(y—b)?=r*. 

If (7—ay, (y—by be expanded, we shall obtain an 
equation containing terms in 2, y’, «, y and an absolute 
term; but the coefficients of «? and y? will be equal, and 
the equation will contain no term im xy. Hence a circle, 
specified with reference to rectangular axes, can be repre- 
sented by equations of the three forms, 

(x—a)/+(y—by =r", 
x?+ y?+ 2gx + 2fy +c=0, 
Ax?+ Ay?+2Gx+2Fy+C=0. 


Ex. 1. Find the equations of the circles specified as follows : 
(i) centre (0, 0); radius 2. 
a+y2=7? becomes #?+7?=4. 
(ii) centre (0, 0); radius 4. (iii) centre (0, 0) ; radius 5. 
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(iv) centre (—3, 1); radius 2. 
(a—a)?+(y—b)?=r2 becomes (2+3)?+(y—1)?=2?, 


that is, av +y?+ 6x —2y+6=0. 
(v) centre (—2, 2); radius 2. (vi) centre (2, 1); radius 3. 
(vii) centre (0, 1); radius 1. (viii) centre (0, —1); radius 2. 
(ix) centre (2, 0); radius 3. (x) centre (—3, 0); radius 5. 


(xi) centre (2, —3); radius 1. (xii) centre (—3, 4); radius 7. 
(xiii) centre (2, —§); radius3. (xiv) centre (—$, —4); radius 3. 


Ex. 2. Find the equation of the circle whose centre is the origin 
and which passes through the point (8, 4). 


Ex. 3. Find the equation of the circle whose centre is the point 
(—5, —1) and which passes through the point (—10, 11). 


Ex. 4. Find the equation of the circle whose centre is the point 
(1, —1) and which passes through the point (9, 14). 


Ex. 5. Find the points in which the circle, centre (2, —3), radius 5, 
cuts the #-axis. 


Ex. 6. Find the points in which the circle, centre (5, 1), radius 13, 
cuts the y-axis. 


Ex. 7. Find the points in which the circle, centre (—1, 4), radius 
23, cuts the line y+1=0. 


Ex. 8. Find the points in which the circle, whose centre is (a, 6) 
and which passes through (—c, 0), meets the line y=20. 


51. The equation x?+ y’+ 2ex-+ 2fy +c¢=0 represents a circle. 


The converse of the preceding section is as follows: 
Any equation of the form 


LP y+ Qqe+ QWfyACHO ...ccecccscescees (1) 
or Aa + Ay? + 2Gae+2Fy+C0=0 .......ccceces. (2) 
referred to rectangular axes, represents a circle. 


For (1) and (2) are equivalent to 
(a+ gP+(yt+fPHgrtfr—e w.cceeeceeee (ly 


and (e+) +(y 2) -(9) +(7)-2 Meebety as (2y 


a 
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and therefore represent circles whose centres are respectively 
(—g, —f) and as = and whose radii are respectively 
JP+f—e and /G+F2—AC/A. 


Ex. 1. Prove that the equation z?+y7?+2r+2y+1=0 represents a 
circle whose centre is the point (—1, —1) and whose radius is 1. 
Collecting the terms in x, and the terms in y, we get 


(a? + 2a) + (y?+2y)+1=0. 


Hi 


SsaeNsoe =e 


Fic. 39. 


Completing the squares, we have 
(2? + 2¢+1)+(y?+2y+1)+1=2, 
that is, (e@+1P+(y+1P?=1%, 


or distance of («, y) from (—1, —1) is 1. 


Hence locus of (a, 7) is the circle centre (—1, —1), radius 1. (See 
Fig. 39.) 
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Ex, 2, Find the centre and radius of each of the following circles : 
(i) #’+7?—6a2—8y=0 ; (ii) 2®+7?+6r+8y7+9=0 ; 
(ili) #? + y? — 2a 4+ 2y = 28 ; (iv) #?+y"+4a:— 6y=3. 


Fia, 40. $ 


Ex. 3. Choose axes and scale-units, and draw the circles represented 
by the following equations. Specify the centre and radius of each. 


(i) v+y?=4; (ii) a®@+y?-9=0; 
(ili) 2? +y?-2e+4y4+1=0; (iv) «+9? — 42 —6y—3=0 ; 
(v) 2 +7? +4+2r—2y=2; (vi) 2x?+ 27? —6a —2y+3=0; 


(vii) 2a+2y?+102-—6y—1=0; (viii) 3a°+3y?-2e+4y=0; 

(ix) 5a?+5y?+5x+45y=8. ; 

Note: (vi) may be written in the form (#-3)?+(y—3})?=1, which — 
represents the circle of Fig. 40. Y H 

Ex. 4. Find the equation of the circle described on the line joining : 
(1, —1) and (2, 5) as diameter. : 

Let (A, &) be a point on the circle (Fig. 41). | 
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The gradient of join of (A, £) to (—1, =1) is k+1 


A+1 
And gradient of join of (A, &) to (2, 5) is es 
CECE EEE Ve EEE +H Ht 
/ Seedieaiseieiiasel nnneinHSEEnTSEE 
ft TTT cH on TT Ee iE 
| f ae Bi imi HEH —— 

— PtH — (975) T 
BEEEEne(/3/)e-asaesaneeeiios ACeet H 
Pott tt L Cee shal 
i if = | J 

[ Hy ——4- } = fn if 
Hr He HE 
agEY Gee nne! COeCSeEeey eeeee 
Spy Brea ee 
| f I T 
if iT i= f HH ane 
‘\S ia if 
ri lord is 
i 
TT J 
H | cit 
+ (CipaD jane =eae= rH : 
! ane Ht im im Ty 
Fic. 41, 


But these lines form an angle in a semicircle, or a right angle. 


k=l £=5 a 
Hence ae wer wee OO 
therefore h?2+h?-h—4k—7=0. 


Write wv, y for h, & to represent a variable point on the circle ; 
the required equation is 
e+ y? —2—4y=7. 


52. Worked Examples. We shall now work some examples 
on the mode of translating into an analytical equation the 
conditions that specify a circle geometrically. 


Ex. 1. A and B are the points (2, 0) and (—2, 0) respectively. 
A variable point P moves so that PA?+2PL?=222 ; prove that the 
locus of P is a circle of radius 2, whose centre is C, the point of 
trisection of AB nearest to B. 


Let (A, &) be a point P on the locus (Fig. 42). 
Then PA2=(h-2Y +h; PR =(h+2P +h, 
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But PA?242PR=223 ; 
therefore (h-2) +1? +2(h+2)?+ 2h? = 222, 
that is, 32+ 3h? + 4h =108, 
or h? +k? + th=38, 
or (A+3y4+h=4. 


Writing , y, for h, & to denote a variable point on the locus, we get 
(w+ 3° +y7=4, 


which is the equation of the locus, and represents a circle, radius 2 
and centre (— 3%, 0) or C. 


Ex. 2. If A and B are the points (a, 0) and (0, 0), b>a, and P is 
a variable point above the z-axis such that angle APB is 45°, prove 
that the locus of P is an are of a circle passing through A and B. 

Let P(A, &) be a point on the locus. 2 


The gradient of PA is a and the gradient of PB is ay 


Mm, — My 
Tan ($35), 
we have A / 
h-b6 h-a a 
A a 


Hence, using the formula tan = 


A sip 
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k(h—a)—k(h—b) 


theref a 
Sot (h—6)(h—a) te 

that is, ?—h(a+b)+ab+hP=k(b—a) 

or H+ h(a+b)-+k(a—b)+ab=0. 


Writing 2, y for h, & to indicate the variable point P, we get 

w+ y?—a«(a+b)+y(a—b)+ab=0. 
The locus of P is therefore a circle, passing through (a, 0) and (8, 0). 
Ex. 3. Find the equation of the circle which passes through the 


three points (1, —1), (1, 4), (4, —2). 
Let the required equation be 


w+y?+2q¢+2fy+c=0, 


so that it remains to determine g, f, ¢. 
Since (1, —1) lies on the circle, we have 


14+1+4+29-—2f+c=0 


or CG AE OF ee Is sare doctaiie shone dadne aes (1) 
Similarly, since (1, 4) and (4, —2) lie on the circle, 

Oi yes SY vad WE We ec ec teria eae Pere (2) 

and BG — APACE QO = Or Scavesrcansevesgcaernedeesens (3) 


(1), (2), (3) are three simultaneous equations in g, f, ¢. 
From (2) subtract (1); then 


10f+15=0 or f=—32. 
From (3) subtract (2); then 
6g —12f+3=0, 
that is, 6g9+18+3=0 or g=—4. 
Go back to (1) and substitute g= — 4, f= —3;. then 
—74+3+¢c4+2=0 or c=2. 


Go back to #?+7?+29x+2fy+c=0 and substitute g= —$, f= —3, 
c=2; then the required equation is found to be 


a+ y7— Tx —-3y+2=0. 


The centre of the circle is (3, 3); the radius is a 


EXERCISES XV. 


1. Find the equation of the circle which passes through the points 
(2, —1), (2, 3) and (4, -1). Find also its radius and the coordinates 


of the centre. 
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2. Find the equation of the circle which passes through the origin 
and makes an intercept 2 on each of the axes. 


3. Find the equation of the circle which passes through the origin 
and makes intercepts of 2, —6 on the axes of w and y respectively. 


4, Find the centre of the circle which passes through the points 
(2, 1), (-2, 5), (-3, 2). 

5. Find the equation of the circumeircle of the triangle whose 
vertices are (2, —1), (5, —4),(—1, —1). What is the radius of the 
circle ? 

6. Find the coordinates of the centres of the circles which pass 
through (7, 1) and (9, 5) and have a radius 5. 


7. Trace on the same diagram the loci whose equations are 
Qe+y=3, w+y?=2, (x-2P+(y-1P=1. 
Find the two points common to the three loci. 


8. If A and B are the fixed points.(1, 0), (—1, 0) and P is a 
variable point (7, y), such that angle APB is half a right angle, prove 
that the equation of the locus of P is #7+y?—2y=1 or #?+y?+2y=1 
according as P is above or below the z-axis. Draw the loci. 


9. A and B are the fixed points (3, 2), (7, —1); find the equation 
of the circle described on AB as diameter. 


10. Prove that the equation of the circle described on the join of 
(2, 7) and (7, Y.) as diameter is 


(w— 21) (% — #2) +(y — )(Y — Yn) =. 
11. If the coordinates of A, B, P are (a, 0), (6, 0), (x, y), where P is 


a variable point such that angle APB is «, prove that the two loci of 
P ave given by the equations 


(v—a)(x—b)+y?+(a—b)y cot n=0, 
and assign each locus to its equation. Draw the loci. 


12. A variable point P moves so that the sum of the squares of its 
distances from the points (2, 0), (—2, 0) is 16; prove that the locus 
of P is a circle, eentre the origin, radius 2. Draw the circle. 


13. A variable point P moves so that 2PA?+3PB? is 10, where 
A, B are the fixed points (1, 0), (—1, 0) respectively ; prove that the 


locus of P is a circle whose centre is at C in AB, where AC=3AB. 
Draw the circle. 


14. A variable point P moves so that PA?—2PB? is 4, where A, B 
are the points (1, 0), (—1, 0) respectively ; prove that the locus of P 
is a circle whose centre is the point obtained by producing AB its own 
length through B. Draw the circle, 
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15. A, B, C are the points (1, 0), (—1, 0), (0, 3) respectively, 
and the variable point P moves so that PA?+PB?+ PC? is 11; prove 
that the locus of P is a circle whose centre is the point (0, 1). Draw 
the circle. 


16. A variable point P moves so that PA/PB=3/2, where A and B 
are the points (—5, 0) and (5, 0) respectively ; prove that the locus 
of P is the circle, centre (13, 0), radius 12. Draw the circle. 


17. A point moves so that the square of its distance from the origin 
is twice its ordinate ; find the equation of the locus of the point and 
discuss the equation. Draw the locus. 


18. A point P moves so that the rectangle contained by its distances 
from the lines «—y=0 and 7+y=0 is equal to the square of its 
distance from the line #=2; find the equation of the locus of P and 
discuss the equation. Draw the locus. 


19, Prove that the intersections of #—2y—1=0 and w+y-—2=0 
with 2++y—3=0 and x—-y-1=0 lie on the circle #?+¥? - 2a -y+1=0. 
Draw the lines and the circle. 

20. Prove that the two lines specified by the equation 

(24% —y+3)(54+3y—29)=0 
intersect the two specified by 
(a —3y+14)(7+4y+1)=0 
on the circle whose equation is 
9(a? + y") — 58x — 15y—101=0. 
21. Solve graphically the simultaneous equations 
w+y2=5 ; 
3a +2y=4. 
22. Solve, graphically and algebraically, the simultaneous equations 
v+y?—4a—-2y+1=0; 
v+y?—5ae+y—6=0. 
23. Find the equation of the common chord of the circles 
a +y?+4a—4y+7=0; 
v+y?— 6x +2y—3=0. 


53. Equation of the Tangent to a Circle. We proceed to 
find the equation of the tangent at a given point on a 
circle specified by an equation with reference to rectangular 

axes. . 
G.A.G. H 
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I. Let 2+y?=7" specify a circle whose centre is the 
origin O, and whose radius is 7. 

Let P(a,, y,) be a point on the circle and draw PT at 
right angles to OP; then PT is the tangent at P. 


We have gradient of op=" 


1 


But PT is perpendicular to OP ; 
therefore gradient of PT= a 


i 


Hence P7 is the line through (2,, y,) of gradient —@,/y;,. 
Therefore the equation of PT is 
y—-%= Fem), 
that is, ee, + yy, =a +y;" 
or xX, +yy, =r". 


II. Let 2+ y?+ 2gx+ 2fy+c¢=0 represent the cirele whose 
centre is C, (—g, —/f). 

Let P(x,, y,) be a point on the circle and draw PT per- 
pendicular to CP; then P7' is the tangent at P. 


Now dient of P= tS; 
gra ient o mie 
and PT is perpendicular to CP. 
Therefore gradient of P= Wipe tae 
WwtT 
Hence PT is the line through (@,, y,) of gradient see 


Therefore the equation of PT is er 


_ — va 79 =~ 
Yy Uy Vy +f" 24), 
that is, = (w—a,)(a, +9) +(y-y,)(y, +f) =0 
Or iy FH YY +ge+fy=ae+y?+ge, +fy,. 
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Add to each side ga,+/fy,+c¢; then the equation of the 
tangent at (x,, y,) becomes 


CHF YY + Yet) +fly+y)+e 
=P ty yt 29%, + 2fy,+¢ 
or xX, +yy,+8(x+x,)+f(y+y,)+e=0. 
It is useful to note that the equation 
a+ y¥*+ 2gu+ 2fy+c=0 
may be transformed into 
BLT YY; HG E+X)+S(y + yy) +e=0, 


by writing wa, for a”, yy, for y*, (w+.,) for 2a, and (y+y,) 
for 2y. 


Ex. 1. Prove that 37+4y=25 is the tangent at (3, 4) to #+72=25. 
Ex. 2. Find the equation of the tangent 
(i) at (2, 3) to 7? +77=13; (ii) at (—1, 1) to #?+7?=2; 
(iii) at (2, —1) to.7?+7?=5; (iv) at (3, 5) to v?+7?-2x-4y=8; 
(v) at (1, —2) to 2?+7?-—47+6y+11=0; 
(vi) at (2, —3) to 77+y7?+4y=1; 
‘(vii) at (—3, —2) to #?+y?+10r2+2y+21=0; 
‘(viil) at (8, 3) to 2a?+ 277+ 27+ 6y=21 ; 
(ix) at (8, —}) to 36(a? +4") 4244 —36y=167. 
Ex. 3. Show that the equation of the tangent at the point (#,, ¥;) 
on the circle whose equation is 
(w-a)'+(y-bP=r4 
may be put in the form 
(a, — a)(27- ay) +(%,— O)(y- 71) =0. 
Ex. 4. Show (i) that the point (a+rcos 6, b+rsin@) lies on the 
circle given by the equation 
(x—aP+(y—by=?r, 
whatever be the value of @, and (ii) that the equation of the tangent 
at the point is (x—a) cos 0+(y—6) sin 6=r. 


54. Equations of Secant and Tangent. We may obtain the 
equation of the tangent to a circle without assuming that 
it is the perpendicular to the radius to the point of contact, 
but we must in that case have some other property of the 
tangent on which to base our reasoning. 
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Suppose the secant PAB (Fig. 43, p. 121) to turn about 
P until it takes the position of the tangent P7’; in this 
position the two points in which the line cuts the circle 
have become coincident. We may therefore define the 
tangent at 7’ to be the straight line which meets the circle 
_in two coincident points at T. 

We shall find the equation of a secant in two ways, 
taking the circle whose equation is 


Gradient Method. The equation of the line joining 
(1, Y;) and (a, Ye) 18 


y— y= ea) “oh tate ae (2) 


2 
Equation (2) is true whether the points lie on the circle 
(1) or not; we must transform equation (2) so that the 
points (x, ¥,), (@, Y.) may be restricted to the circle. The 
conditions that these points le on the circle (1) are 


G2 --y Pest) and. ott Ay! a9? vitae (3) 
and therefore, by subtraction, 
w— 27 +y"—y=0 
or (® —®y)(&, +2) +(Y, — Yo (Yr + Yo) =O 
so that the gradient of the secant is given by the equation 
Yi-Yo_ _ Ur Th, 


Cr reso eS 4 
L— Lo WtYe @) 
Equation (2) now becomes 
Ly + Ho 
—y,= -3— (a@#-« 
UW Fara. an ) 

or (H+ )OA CY AYo)Y HPA LoAY Yo, veeeeeees (5) 
since Sade a Pigs od 


It is easy to verify that equation (5) represents the line 
through (a, y,) and (a, y,), provided these points lie on 
the circle (1); apart therefore from the particular process 
by which the equation has been reached, we know that it 
represents the required secant. 
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If we now suppose (a, y,) to become coincident with 
(%,, ¥,), we get the equation of the tangent at (a, y,), 


20,0 + 2y,y =7? + 0,27 +y 2 = 272, 
that is, eR HT PL ee (6) 


Burnside’s Method. The following ingenious method is 
due to Burnside (Salmon’s Conic Sections, § 85). 

The equation of the secant through the two points (a,, y,) 
and (x,, ¥,) on the circle (1) is 


(4@—2,)(— Hy) + (YY )(Y-YyNHO PYM. verre, (7) 

This equation, though apparently of the second degree 
in «, y, is really of the first, because the terms in a and y? 
cancel; it is therefore the equation of some straight line. ' 
Next, since (x,, y,) lies on the circle (1), the right side of 
equation (7) will be zero when x=, and y=y,; but the 
left side is also zero when «=a, and y=y,, and therefore 
the straight line passes through (a,, y,). Similarly it may 
be proved to pass through (7,, Y,). 

Equation (7) when simplified is the same as (5); if in (7) 
we put 7,=«, and y,=y,, we get equation (6). 

When the equation of the circle is 


et y+ 2qet Ay +CHO, cceecececeeeeees (1’) 
we find for the gradient, instead of equation (4), the equation 
Yr Ye_ tet (4) 


Ly — Lo YitYot 2’ 
and then, instead of equation (5), we obtain 
(2, ++ 29)0+ (Yi, +Yot 2 )Y 
=H P+ Yt Gly + AY, + HL t+ YrYo 


= —CHL Wat YpYogr vee-r cocsceeeeereveescoonenes (5’) 
We then deduce the equation of the tangent 
LLY YAGI EHL)AS(Y HY) HCHO. creecveee (6’) 


Instead of equation (7), we take now 
(@—2,)(a— 2) + (Y-Y)(Y—Y)=V+Y? + 2gxt By +e, (7) 
which is readily seen to give the secant through (2,, y,), 
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(a, Yo). Put w,=2, and y,=y,, and we get the equation of 
the tangent. 


55. Coincident Points. The idea of coincident points may 
be utilised in other ways when treating of problems on 
tangents. For example, consider the equations 


Y = 204-C, 20000 (1) ae a4 | aa (2) 


The line (1) intersects the circle (2) in points whose 
coordinates are obtained by solving (1) and (2) as simul- 
taneous equations. In equation (2) put 2x+c for y, and we 
find for the abscissae of the points of intersection the 


ae Bat -Acr-+cteB Gs lailees ae (3) 


Equation (3), being a quadratic, gives two values, 7, and 
w, say, for x, and then equation (1) gives two corresponding 
values y, and y, for y; the line is therefore, in general, a 
secant which cuts the circle at the points (#,, y,) and 
(a, Y¥,). The values of x, Y,, Xo, Yo are 


—2c+,/(100—c?). —2c—,/(100—c?) , 
C1 sR Sh a oe ee 
e+ 2,/(100 —c?) | e—2,/(100 —c?) 

y= 5 ) 1 5 - 


If c?< 100 these values are real and unequal, and the 
secant cuts the circle in two real and distinct points. 

If c2 > 100 the values are imaginary and the line does 
not meet the circle at all; but just as equation (3) is said 
to have two imaginary roots rather than to have no roots, 
so it is convenient to say in this case that the line intersects 
the circle in two imaginary points. The conception of 
imaginary points of intersection often simplifies the state- 
ment of theorems. 

There is, however, another . case, namely c?=100. 
Equation (8) is still a quadratic, but its roots are now 
equal and the points (#,, y,), (@,, Ys) are coincident, the 
point in which they coincide being 


ae 
NN 
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the line (1) is now a tangent and (—2c¢/5, ¢/5) is its point 
of contact. The solution w= —2c/5 and y=e/5 may be 
called a repeated solution, since x=—2c/5 twice and 
y=c/5 twice. 

When c?=100, we have c=10 or —10; we thus have two 
tangent lines. 

When c=10, the solution «= —4 and y=2 is a repeated 
solution, and the line (1) becomes 

y =2x+10, 
which touches the circle (2) at (—4, 2). 

When c=—10, the solution »=4 and y= —2 is a re- 
peated solution, and the line (1) becomes 

y=2x2—10, 
which touches the circle (2) at (4, —2). 

We have thus solved the problem of finding the tangent 
to the circle (2) of gradient 2; there are two solutions, as is 
geometrically obvious. 

Again, consider the question: what relation must hold 
between the constants m and c if the line y=ma+e is a 
tangent to the circle 2?+7?=r"? 

The equation for the abscissae of the points in which the 
line cuts the circle is 

(1+ m?)x?+2ema+c?—r?=0. 

The two points will be coincident, and the line will there- 
fore be a tangent if this equation have equal roots. But 
the condition for equal roots is 

4em?=4(1+m?)(e—7?) or =r?(1+m?). 

Thus the line y=ma+7r,/(1+m?) is a tangent whatever 
be the value of m, and since the root may have either the 
positive or the negative sign there are two tangents for 
any one value of m. 


Ex. 1. Find the equation of the tangents from the point (7, 9) to 
the circle PAE a. wile Pie cide goat tn oh (i) 
and state the coordinates of their points of contact. 

The equation of any line through (7, 9) is of the form 

y-9=M(L—7) OF Y=HMLH(Q—TM). vevseerseveeees (ii) 
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The abscissae of the points in which the line and circle intersect 
are given by the equation 
(1 +m?) a2 +2m(9 —7m).c+(9— Tm)? —13=0, ........00e- (iii) 
and the roots of this equation are equal if 
4m?(9 —'7m)*=4(1 +m?) {(9 — 7m)? — 13}, 
that is, if 36m? — 126m +68 =0, 
that is, if m=2 or A: 
When m= equation (ii) becomes y=37+4,, which is one tangent. 
To find its. point of contact, note that when m=% equation (ili) gives 
x= —2 twice, and then (ii) gives y=3 twice, so that the point of con- 
tact. is (—2, 3). ; 
When m=4 the tangent is y=1/ 7—%, and the point of contact is 
aye ee! 
J 5/* 
Ex. 2. Show that y=#—1 is a tangent to the circle 
u?+ y?— 8x —2y+15=0, 
and find the coordinates of its point of contact. 


Solving these equations as simultaneous equations, we find for 
the abscissae the equation 


2 —6x2+9=0, 
that is, (a—3)(#-—3)=0. 
The two values of x, and therefore also, since y=x—1, the two 


values of y, are equal. The line is thus a tangent, and (3, 2) is its 
point of contact. 


Ex. 3. Show that the tangent at the origin to the circle 
a +y"+2gxv+2fy=0 
is gv+fy=0. 

If these equations be solved as simultaneous equations we see that 
the solutions are 7=0 twice, y=0 twice ; the line therefore meets the 
circle in two coincident points and is therefore a tangent. 

Ex. 4. Find the relation between the constants of the equation 

vy? +2gv+2fy+c=0 
if the x-axis is a tangent to the circle. 
The circle meets the w-axis where 
x+2gx+c=0; 
if the v-axis is a tangent, the two roots of this equation must be equal, 
and therefore c=g®. This is the required relation, and 


v+y?+ 29x + 2fy+g?=0 
is the equation of a circle which touches the x-axis at (—g, 0). 
Ex. 5. Find the equations of the tangents to the circle 
w+ y? — 6c —8y+23=0 


that are parallel to the line 2+y=0, and give the coordinates of their 
points of contact. 
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The two tangents are 
w+y=5 and #r+y=9, 
and the points of contact are (2, 3) and (4, 5). 
Ex. 6. For what values of a will the circle 
xv? +y?—2ar—-4=0 
have the line v=2y—6 as a tangent ? 
The ordinates of the points of intersection are given by the equation 
(2y — 6)? +77 — 2a(2y —6) —4=0 
or 5y? —2(2a + 12)y+(12a+32)=0 ; 
the points of intersection will be coincident if this equation in y has 
equal roots, that is, if 
(2a+12)?=5(12a+32), 
or if (a—4)(a+1)=0, or finally if a=4 or —1. 
The line z=27—6 is therefore a tangent to each of the circles 
et+y?—8r—-4=0, 2?+7?+27—4=0. 
The points of contact are (2, 4) and (—2, 2) respectively. 


56. The Square on the Tangent from a Point. Let P(,, y,) 
be a given point outside the given circle 
a+ y?+ Iga+ 2fy+c=0 
whose centre is (; it is required to find an expression for 
the square of the tangent PT from P to the circle. 


as Ses Percy) 


A 


B : 
Fie. 43. 


The angle PTC (Fig. 43) is a right angle, so that 
Pra PA C1”, 
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Now 
CP?2=square of distance between (7, y,) and (—g, — St) 
=(", +92 +i tfY 
=a +y P+ 29a, + fy, +P +f? ; 
OT? =square of radius of circle 
=P+f?—c; 
so that OP? —CT?=2,2+ 9,7 + 29x, + 2fy, +6. 
Hence: the square of the tangent from (a,, y,) to the circle 
a+ y?+ Iga +2fy+c=0 
1s x? +y°+ 2gx, + 2fy, +c. 


If a secant PAB through P cut the circle in A, B 
(Fig. 43), then 


PA. PB=PT?=22+y2+2ga,+2fy, +6 


Fig. 44. 


If P lie within the circle (Fig. 44) and a secant PAB be 
drawn to cut the circle in A, B, and also the chord MPN 
be drawn perpendicular to CP, then (attending to sign) 

PA,.PB=PM.PN=-—PM*=—(CM?—CP?) 
=O0P?—-CIM , 
=(% +9 +(yit+SP-G+f?—e) 
=a + yy? + 29u, + 2fy, +e. 
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When P is within the circle #2+y,2+ 2ga,+2fy,+c¢ is 
negative ; when P is on the circle CP +yy+2ga,+ fy, +c¢is 
ZeYO ; when P is without the circle x+y + 2gu,+2fy,+e 
is positive. 

The boundary for which this important expression 
vanishes separates the region in which it is positive from 
the region in which it is negative. This is an example 
of a general principle of sign; for instance aa,+by,+e 
changes from positive to negative as (#,, y,) crosses the 
boundary line aw+by+c=0. 

If then a secant through a point P(z,, y,) to the circle 

x+y" + 2gx+ 2fy+ce=0 
cut the circle in A and B, the product PA. PB is equal in 
sign and magnitude to 

a+ yy + 29a, + fy, +e; 
and PA.PB is known as the power of the point P with 
respect to the circle. When P is outside, the power of the 
point is equal to the square on the tangent from P; and 
indeed the phrase “square on the tangent from a point” is 
commonly used instead of “the power of a point,” even 
when the point is inside the circle. 

Cor. The square on the tangent from P(#,, y,) to the 
circle Axv?+ Ay?+2Gr+2Fy+C=0 is 


G Lr C 
GP + yy F2Guyt2G Wt |: 


Ex. 1. Find the square of the tangent from (2, 1) to v?+y?—1=0. 


Ex. 2. Find the square of the tangent from (1, 3) to 
v+y?—2n7—-2y+1=0. 
Ex. 3. Find the length of the tangent to the circle 
Qn? +24? —#+3y+1=0 
_ from (1, —1); and show that the other point on the line 7+ 2y+1=0, 
from which a tangent to this circle has the same length, is (— 2/5, — 3/10). 
Ex. 4. Prove that the lengths of the tangents to the two circles 
at +y+2«0—4=0 and «?+y?—327—4=0 from (0, 5) are equal. 
Ex. 5. Prove that the point (1, 2) is tangentially equidistant from 
the two circles 
ety+I+3y+1=0, 2+y?+r+2y+4=0. 
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Ex. 6. Prove that all points on the y-axis are tangentially equi- 
distant from : 
e@+y—xrt+4=0 and 2°+7°+5r7+4=0. 


Ex. 7. Prove that all points on the line »+y+1=0 are tangen- 
tially equidistant from the circles 


e+y+Tr—yt5=0 and 2?+7?+6r—2y7+4=0. 


EXERCISES XVI. 


“1. Find the equation of the circle which touches the z-axis at the 
point (4, 0) and passes through the point (0, 2) on the y-axis. At 
what other point does the circle intersect the y-axis ? 


2. Find the equation of the circle which touches the y-axis at the 
point (0, 3) and passes through the point (2, 5). What is the equation 
of the tangent at (2, 5)? 


3. What is the equation of the circle which touches the 2-axis at 
the point (a, 0) and also touches the line y=6 ? 


4, Find the equations of the circles which touch the z-axis at the 
point (3, 0) and also touch the line 3y—4a=12. 


5. Find the equations of the circles which touch the coordinate 
axes and the line 3v+4y=12. 


6. JM is the projection of a point P on the line ++13=0 and 7 is 
the point of contact of a tangent from P to the circle 2#?+y?=25 ; 
if P7?=4MP, find the equation of the locus of P and draw the locus. 


7. M is the projection of a point P on the line e+a=0 and 7' is 
the point of contact of a tangent from P to the circle #+7?=7?; 
if PT°’=2p. MP, where 2p is a given length, find the equation of the 
locus of P and draw the locus. 


8. M and W are the points of contact of tangents from P to two 
circles whose centres are (0, 0) and (c, 0) and whose radii are a and } 
respectively ; if / moves so that PM is to PN as a is to b (a=), 
show that the locus of P is a circle and draw the circle. 


9. If the tangents from P to two concentric circles are inversely 
as the radii of the circles, show that the locus of P is a concentric 


circle. 
10. A point ? moves so that the length of the tangent from it to - 
the circle w+y?—2an+p=0 
is & times the length of the tangent from it to the circle 
w+ y?—Qbae+p=0; 


show that the locus of P is a circle. Draw the circles for the case 
a=—7, b=5, p=9, k=2. 
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11. Find the equations of the common tangents to the circles 

whose equations are 
e+y?=25, (w—12)?+7?=9. 

12. Show that one pair of common tangents to the circles whose 

equations are (a2>b>0) 
w+y—2av+b=0, «?+7?-2kax+kh*?b=0 

goes through the origin. 

If these circles cut the z-axis at 4, B and 4’, B’ respectively, show 
that OA. OB'=O4A’. OB, where A is the point of the first circle and A’ 
the point of the second circle nearest to the origin 0. 


13. The line joining the points P(z,, y,) and Q(a,, y») cuts the 
circle 22+7?=7? at A and B; show that the ratios PA: AQ and 
PB: BQ are the values of the ratio m:n given by the equation 


Mm? (ao? + Yo? — 1) + WMN (yl t+ JyYo— 1?) +17 (ay + yy? —7")=0. 
If P@ is a tangent to the circle, then 
(1422+ Ny2—- PP =P +? —1?)(eP + Ye? - 7"). 
Deduce that the equation of the pair of tangents from P to the 
cine is ety —r=(ePty2—) (a2 +y?—?). 


[CH. VILL. 


CHAPTER VIII. 


COAXAL CIRCLES. POLE AND POLAR. 


57. Radical Axis. Definition: If a variable point move 
so that the squares on the tangents from it to two circles 
are equal, the locus of the point is called the radical axis of 
the circles. Note that the phrase “square on the tangent 
from a point to a circle” is to be, understood in the sense 
explained at the end of § 56. 


Fre. 45. 
Let w+-y? + 2ge +2fy +6 =0 ....s.-ccee0e-(1) 
and 4+ y? + Qo’ fy to =O. ei sesscsveseces (2) 


represent any two given circles; it is required to find the . 
radical axis of the two circles. a 


Let (h, &) be a point on the radical axis, 
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Then the square of the tangent from (h, k) to (1) is 
h?+h?+2gh +2fk +e; 
and the square of the tangent from (h, k) to (2) is 
We+h?+2g¢/h+2fk+e. 


Therefore 
h? +h? + 2gh+ 2fk+e=W +l + 2f/ht Wkr+e, 
that is, 2(g-—g)h+2(f—f)k+(e-—c)=0. 
VATA co 
iG i] 
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Fig. 46. 


Writing (a, y) for (h, &) to denote the coordinates of any 
point on the radical axis, we get 
2(g—g)at+2(f—f)yt+(e—e)=0 
as the equation of the radical axis. 
The radical axis is therefore a straight line perpendicular 
to the line of centres. 
For example, draw the two circles 


e+y+Ta+6=0 and a+y?—6e+6=0 (Fig. 45). 


4 
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The radical axis is given by the equation 
e+y+Te+6=2?+y?—6r+6, 

that 1s, xr=0. 

Again draw the two circles 

e+ty?—4=0, 2+y?—3xe—4=0 (Fig. 46). 
The radical axis is 
et+y—4=a27+y?—3x—-4, 

that is, == 0. 


Note. When two circles intersect their common chord is 
the radical axis; because each point of intersection lies on 
the radical axis, and the radical axis is a straight line. 
Even when the circles do not intersect, the radical axis is 
a real line and is still called the common chord. 


EXERCISES XVII. 


1, Prove that the radical axis of the circles 
v+y—Ty+6=0 and w*+y7?—5y+6=0 
is the v-axis. Draw the figures. 
2, Find the radical axis of 
(i) #+y?+3e-y+2=0 and 2?+7?+2v-y-3=0; 
Qi) #+y?-2a-3y=5 and w+y?-—Txe+2y-4=0; 
(ili) a®+y?-347+2y-—4=0 and 2a?4+2/?-r7+y-1=0; 
(iv) 37+3y*-4¢-—6y-1=0 and 22°+42y?-3x-2y—4=0. 
3. If NV is the foot of the perpendicular from any point P to the 
radical axis of the two circles, centres A and B, whose equations are 
ve+y—px-a=0, 2°+y?-qv-—a=0, 


prove that the difference of the squares on the tangents from P to the 
two circles is 2AB. VP. 


4, Prove that the radical axes of three circles, taken in pairs, are 
concurrent. The point of concurrence is called the radical centre. 
5. Prove that the three circles 
e@+y—4=0, a+y?-3e-4=0, 2 +72+54-4=0 


all pass through the points (0, 2) and (0, —2). Draw the circles, and 
find their common radical axis. ; 
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6. Draw the circles 
P+yY—5e+6=0, 2 +y2+7r+6=0, 2+7?-9r+6=0. 
Prove that they have a common radical axis. What two imaginary 
points on the y-axis are common to all the circles? 
7. Draw the circles represented by the equation 
v+y?—ar—4=0, 
for a=0, 1, —2, 3,4. Prove that they all pass through two fixed 
points, and find the coordinates of the points. 
8. Draw the circles represented by the equation 
w+y?—ar+4=0, 
for a=3, —4, 5, —-6. Prove that they all pass through two fixed 
(imaginary) points, and find the coordinates of the points. 
9. Draw the system of circles represented by the equation 
wv +y—5a2—-64+k(a?+7?+x-6)=0, 
for varying values of the constant &. Prove that they all go through 
the points of intersection of 
w+y?—5x2-6=0 and «z?+7?+x7-6=0. 
What line is their common radical axis ? 
10. Draw the system of circles represented by the equation 
aw +y?—4a+h(a?+7?+22)=0, 
choosing various values of the constant 4. What line is the common 
radical axis of the system ? 
11. Draw the system of circles represented by the equation 
a +y?—-90+84+k(2?+7?+6x4+8)=0, 
choosing various values of the constant #. Through what two fixed 
(imaginary) points do all the circles pass? What line is the common 
radical axis ? 


58. Coaxal Circles. A system of circles, every member 
of which passes through two fixed points, is called a coaxal 
system of circles. The line joining the two fixed points is 
the radical axis of every pair of the circles. 


I. The equation 
Gp te — =O apecticane rave csers (1) 


where b is a fixed constant and a a varying constant or 
parameter ($38) represents a system of coaxal circles, 
which all pass through the two fixed points (0, /b) and 
(0, —/b). These points are real and distinct if 6 is a 
positive number ; they are real and coincident if b is zero; 


G.A.G. I 
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they are imaginary if b is negative. The common radical 


axis is the y-axis. 
Fig. 47 represents the system for the case in which b=9 


and a has the values 0, 2, —4, 6, —7. 


or 


2 ry 
: 4 
Fig, 47. 
Fig. 48 represents the system . the case in which b= —4 
and a has the values 5, 6, 7, 8, —5, —6, —7, —8. 


Fie. 48. 
When 6 is negative, say b= —c®, equation (1) may be 
written a2 
(a—}ayr+y? =5-@. ik ste ee ee 


When a=2c the radius of the circle is zero; the circle _ 
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has become the point (¢, 0). Similarly, when a= —2ce the | 
circle reduces to the point (—c, 0). These two points 
(ce, 0), (—e, 0) are called the limiting points of the system of 
coaxal circles given by (1) when 6b is negative and equal to 
—c*. The points (2, 0), (—2, 0) are the limiting points of 
the system represented in Fig. 48. Evidently the limiting 
points of the system given by equation (1) are real when, 
and only when, b is negative. 
II. The equation 
a+ y* + 2qa+2fy +o+k(a?+ y?+2q'a+ 2fy+c)=0, 

where k is a varying constant and g, f, ¢, 9’, f’, c’ fixed 
constants, represents a system of coaxal circles which pass 
through the fixed points in which the fixed circles 


aw +y?+2qr+2fy+c=0, a +y?+2q/e+2f'y+e=0 
intersect. (Compare § 38.) 
Ex. 1. The equation v?+7?—ax#r—4=0 represents a system of coaxal 


circles; find the equation of the circle of the system which passes 
through the point (1, 2). 


Ex. 2. Find the equation of the circle coaxal with 
v+y?—T#+12=0 and w#?+y7?+8r+12=0 
which passes through the point (—2, 3). 


Ex. 3. The equation 27?+y7?~avx—9=O0 represents a system of 
coaxal circles ; find the equations of the circles of the system which 
touch the line +3y=11. 


Ex. 4. Find the equation of the circle coaxal with 
w+y?—Ir+2y+1=0 and «#?+y?+8xr-6y=0 
which passes through (—1, —2). 
Ex. 5. Find the equations of the circles coaxal with 
v+y—62+4=0 and #?+7?+5r+4=0 
which touch the line 3v—4y=15. 


59. Orthogonal Circles. Let P be any point on a circle, 
centre A (Fig. 49), and let B be any point on the tangent 
at P. With B as centre and radius bP describe a second 
circle. The radii AP, BP to the point of intersection of 
the circles are at right angles; the two circles are said to 
cut orthogonally at P. 
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If d denote the distance AB between the centres A and B 
of two orthogonal circles of radii a and b, then clearly 


d2=a2+b2, 
and conversely. 
Let a+ y?+2qr+2fy +e =0 
and x+y? + 2q'a+2fyte=0 


be two circles ; it is required to find the condition that they 
be orthogonal circles. 
Let d=distance between centres. 
, @ =square of radius of first circle. 
,, 6?=square of radius of second circle. 


P 


DAL 
Vy, 


Fie. 49. 


Now the coordinates of the centres are (—g, —f) and 


a aes) 


Hence @=(g—g 2 +(f—-f). 
Also w=g?+f2—c 
and B=g/2+f2—c'. 
The condition that the circles be orthogonal is 
=a? +b, 
that is, (g—g)P+(f-fP=P+P—et 92+ f2—6 
ot 299 +2ff' =c+c'. 


Ex. 1. Prove that the circles 


e+y=4 and «2+7?-5v+4=0 
are orthogonal. 
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Ex. 2. Prove that the circles 


a@+y=4 and «#+7?-av+4=0 
are orthogonal. 


_ Ex. 3. Prove that every circle through the points (2, 0) and (—2, 0) 
is orthogonal to every circle of the system #?+7?-axr+4=0. 


_ Ex. 4. Prove that the circle 2?+7? -—axr+6?=0 is orthogonal to the 
circle through the points (4, 0), (—8, 0), (0, c). 


Ex. 5. Find the equation of the circle orthogonal to the two circles 
a+y?—9r4+14=0, a2+y?+1524+14=0, 
and passing through the point (2, 5). 
Ex. 6. Give geometrical solutions of the questions in Exs. 1-5. 
Ex. 7. Prove that every circle of the system 
a +y?—2ax+d?=0 
is orthogonal to each circle of the system 
xv? +y? —2by —d?=0, 
where a and b are varying constants. Draw diagrams of the two 
systems referred to the same axes. 


60. Inverse Points. Definition. If O is the centre of a 
circle of radius r, and P and P’ two points lying on a line 


P 


Fig. 50. 


through O such that OP.OP’=r’, then P and P’ are called 
inverse points with respect to the circle. — The _constant 
OP. OP’ is sometimes called the constant of inversion. 
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P, P’ are inverse points with respect to a circle, radius 
r, whose centre is the origin, and (a, y) are the coordinates 
of P; to find the coordinates (a’, y’) of P’. 

Let M, M’ be the projections of P, P’ on X’OX (Fig. 50). 
OM OFT OL OL: 

OM OP ~ OP?” - 
But. OM =2',,0OM=«, OP: 0P =r, 0F =7F+y7, 
Cit Ra? Norte 
o ep REP 
SE PO OP OP Or 2 


Then 


Therefore 


Sunilarly, 7 ei T Sen ies) ae 
Rs ry 
. YR 
We may also show that 
gg! si rn hegtay 
C= aye and Y= Aa gt 


If P (a, y) and P’ (a’, y’) are inverse points with respect 
to the circle w+ y2-+ Qga-+ 2fy +c=0, 
then 7? =g’?+/?—c, O is the point (—g, —/f), and 

OM =«'+g, OM=a+9, OP? =(a+9)P+(ytf) 
so thats "eg gaP—o  y ry 
e+g (atgPt(ytfP yt 

Ex. 1. Find the coordinates of the point inverse to (2, 3) with 

respect to 22+7?=1. 


Ex. 2. If a point P trace out the straight line «=2, find the 
equation of the locus traced out by P’, the inverse of P with respect 
to the circle #?+y7?=1. 


Ex. 3. If a point P trace out the straight line w=a, find the 
equation of the locus of P’, the inverse of P with respect to #?+72=h. 


Ex. 4. Ifa point P trace out the circle whose equation is 
a +2—2x=0, 
find. the equation of the locus of 7’, the inverse of P with respect to 
w+y?=6. 
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Ex. 5. If a point P trace out the circle «?+7?—4a+3=0, find the 
locus of P’, the inverse of P with respect to the circle #?+7?=12, 


Ex. 6. If P, P’ are inverse points with respect to a circle, prove 
that every circle through P and ?’ is orthogonal to the given circle. 


Ex. 7. Ifa point P trace out the circle 
(4 a)? +yP=7", 


prove that the inverse of P with respect to the circle 22+y2=k traces 
out the circle 


61. Pole and Polar. Definition. The perpendicular to the 
line OP through P’, the inverse of P with respect to a 
circle, centre O, is called the polar of P with respect to the 
circle. 

Let P (Fig. 50, p. 133) be the point (#,, y,); to find the 
equation of the polar of P with respect to the circle whose 
equation is ap y=, 


The gradient of OP (where 0 is the origin) is a, 
Hence the gradient of the polar= mae : 
The coordinates of P’, the inverse of P, are 
ra, ry, 
arty? opty) 
Hence the polar of («,, y,) is the line through 


( rly ry ) 


of gradient Bei 
1 


ety aP+yy 
Therefore the equation of the polar is 


a Tay es ual (« = a 
Z Heyy  Y; ae + yy" 
. — ina,” ry? 
that is, City + YY = arty? Tet? 
or xx, +yy,=1". 


The point P(«,, y,) is called the pole of the line 
iy + YY = 7. 
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Similarly, it may be shown that the polar of (#,, y,) 
with respect to a+ y2+ 2ga+ 2fy+c=0 
is CE AYY, +IC+M)+flytyi)te=0. 

It is important to notice that if (a,, y,) lies without a 
circle, its polar is the chord of contact of the tangents 
drawn from the point to the circle; QR in Fig. 50 is the 


polar of P. 
Hence, if (w,, y,) lies without the circle 


yar, 
the equation of the chord of contact of tangents from (#,, y,) is 
@L,+ YY, =T" 5 
if (w,, y,) lies without the circle 
a+ y?+2qu+2fy+c=0, 
the equation of the chord of contact is 
aa, +yy+g@+a)tfyty)te=0. 

62. The Polar as a Locus. Let any secant of the circle 
a+y?=r through the point P(«,, y,) meet the circle in 
A and B, and let the tangents at A and B meet in Q; to 

prove that the locus of Q is 


the polar of P. 
Let @ be the point (A, k) 


P : Q 
(Fig. 51). 
Then AB is the chord of 
contact of tangents from 
(h, k). 


Therefore the equation 
of AB is 


eh+yk=-r?. 


But P(«,, y,) lies on this 
line; therefore 


Fic. 51. he, +ky,=17". 
Writing x, y for h, k to denote a variable point Q, we get 
Hy YY =r” 
as the equation of the locus of Q. 
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But this is the equation of the polar of P. 

Hence the locus of Q is the polar of P. 

In Chapter XXII. the polar is discussed from a different 
point of view by methods which are applicable to the circle. 
See also Exercises XVIII, Example 41. 


63. Reciprocal Property of Pole and Polar. THEOREM. If 
a pont A les on the polar of B with respect to a circle, 
then B lies on the polar of A (Fig. 52). 


) 


re D2. 


Draw rectangular axes of reference X’OX, Y’OY through 
O, the centre of the circle. Let r be the radius of the 
circle. Let the coordinates of A and B, referred to the 
axes, be (x,, y,) and (a, y,) respectively. 

Then the polar of B is the line 


Wi +YYa=". 
But A(x,, y,) lies on the polar of B; 
therefore L lag YYgHTrn veorins TLDs PERRO oT (1) 


Now the polar of A is the line 
CE, + YY =". 
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Hence B(a,, yz) lies on the polar of A if 
Vly + YoY i="; 
and this is true by (1). Hence the theorem is established. 
Points such that the polar of each passes through the 


other are called conjugate points; the polars are called 
conjugate lines. 


Ex. 1. Find the equation of the polar of (2, 5) with respect to the 
circle v?+7?=1. 

Ex. 2. Find the equation of the polar of (0, 6) with respect to the 
circle v?+ 9? — 4a —2y=4. 


Ex. 3. Tangents to the circle #?+y?=4 are drawn at the points 
where the circle meets the line v+y=1. Find the coordinates of 
their point of intersection. 


Ex. 4. Find the equation of the chord of contact of tangents drawn 
from (2, 1) to the circle 27+ y?+27+3y=4. 


Ex. 5. From P(2,, ¥,) and Q(x2, y) ave drawn perpendiculars PM, 
QN to the pee of @ and P with respect to the circle z?+y?=7" ; 
prove that OP/PM=0Q/@QN, O being the origin. 


Ex. 6. Find the coordinates of the point of intersection of the 
polars of (3, 2) with respect to the circles 
a+y?—Ta+10=0 and 2?+y?+11lxr+10=0. 
Ex. 7. If P is the point (1, 7) and Q the intersection of the polars 
of P with respect to the circles 
 @+y—8e+12=0 and a?+y?+7r4+12=0, 
prove that the circle on PQ as diameter is orthogonal to the two 
given circles. 
Ex. 8. Prove that the polars of (#,, y,;) with respect to the system 
of coaxal circles specified by the equation 
: a +7? —2av+c=0, 
where a is a varying constant, all pass through the fixed intersection 
of the lines LU, + =0 d--u4eie 
ityyite and w+a,=0. 


EXERCISES XVIIL. 


_ 1. If y=ma+23 touches 22+y2=4, find the values of m and 
illustrate by a figure. 


2. Prove that 37+5y=34 touches «?+y?=34, and find the co- 
ordinates of the point of contact. 


3. Find the equation of the line which touches 22+72=8r+6 
at the point (8, 0). ee 
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4. Find the coordinates of the points at which the straight line 
y=2+2 cuts 2+7?=2(¢+4). Find also the equations of the tangents 
at these points and the coordinates of their point of intersection. 


5. Find the equations of the straight lines parallel to e+y=0 
which touch #?+y?=8, Illustrate by a figure. 


6.. Prove that 
@+1=0, y=5, 3”7+4y=11, 38y=40+7 
are the four common tangents to the circles 
vty? —8y+15=0 
and w+y?+8n—4y+11=0. 
7. Show that the angle between the tangents drawn from the 
point (3, 4) to the circle 2?+ 7? —2e-—4y+4=0 is cos 3. 
Also show that y—xcot@=2+tan ® touches this cirele for all 
values of ¢. 2 
8. Find the equation of the common chord of the circles 
(2-afPt+ya=e; 22+(y—bP=62 
Also find the length of the common chord, and show that the circle 
described on the common chord as diameter is 
(a? +b?) (v? +77) =2ab (bx + ay). 
9. Prove that the length of the common chord of the two circles 
v+y-2We+h?=0 and 2#*+7?-2qy—b?=0 
is 2n/{(p?— B)(g?+ BY) /(p?-+q?)}. 
10. The straight line 3v—y=2 meets the lines y=w and y=2wv 
in Pand Q. Find the equation of the circle on PQ as diameter. 


11. The equation ax+by=c represents a line which cuts the 
circle #2+y?=7? in A and B. Prove that the coordinates of the 
middle point of AB are ac/(a?+ 67), be/(a?+0?). 

12. Show that r=acos 6, y=asin 6 are the coordinates of a point 
on the circle x?+y?=a? for every value of 6. 

If the extremities of a chord of the circle are (acos 6, asin @) and 
(a cos $, asin ), prove that the equation of the chord is 


G+ 04+ p: O-¢, 
Se a Oe a 
and deduce the equation of the tangent at the first point. 

13. Find the equation of that chord of the circle #?+y?=8 which 
is bisected at the point (—1, 2). 

14. Tangents 7P and TQ are drawn from T(#,, y,) to the circle 
w+y=r?; find the equation of the circle circumscribing the 
triangle 7'PQ. 


& COS 
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15. Trace the loci whose equations are 
Qa+y=8; w+y?=2; (e—2P%+(y—-1P=L 
Find the two points common to the three loci. 
16. Find the square of the tangent from (2,, 7;) to the circle 
a(x? +y")+ 2gx + 2fy + e=0. 

17. The square of the tangent from P to the circle .1?+y? -8%+4=0 
is minus the square of the distance from P to the point (2, 0); prove 
that P moves on a circle whose centre bisects the line drawn from the 
given point to the centre of the given circle. 

18. A and B are the centres of the circles 

ety —Wprth=0; 2 +7?+2qv+b?=0. 

A point P moves so that the ratio of the squares of the tangents 


from it to those circles is m/n; prove that it describes a circle whose 
centre C divides 4B so that AC/BC=m/n. 


19. Prove that the equation 
v+y?+2qv+2fy+c+k(la+my+n)=0 
represents a circle through the points of intersection of 
v+y+2ge+2fy+e=0 and lx+my+n=0 
for all values of 4. 
The line 7=2 cuts the circle 72+72=9 in A, B; find‘ the equation 
of the circle described on AB as diameter. 
20. If dv+my+n=0 is a tangent to the circle 
w+ y+ 290+ 2fy +c=0, 
then it is a tangent to the circle 
w+ y+ 2gu+2fy +e+k(le+my+n)=0 
for every value of h. 
21. If S=a°+y°+2gr+2fyte and w=lx+my+n, interpret the 
equation S+u=0 with respect to the circle S=0 and the line w=0. 


If w=0 cuts S=O in A and B, find the value of k when S+ku=0 
represents the circle on AB as diameter. 


. 


22. If A and B are conjugate points with respect to a circle, prove 
that the square on AB is equal to the sum of the squares on the 
tangents from A and B to the circle. 


23. If A and B are conjugate points with respect to a circle, prove 
that the circle on AB as diameter cuts the given circle orthogonally. 


24. Find the equation of the circle passing through (1, 2) and 
orthogonal to the circles 


e+y—5e+4=0, a +724+8r4+4=0. 


25. Prove that every circle through the points (6, 0), (—6, 0) is 
orthogonal to all the circles of the system specified by the equation 
x+y" — ke +b*=0, where & is the parameter of the system. 
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26. Prove that (, 0) and (—6, 0) are inverse points with respect to 
all the circles of the system 2#?+y?—kxv+02=0, where & is the 
parameter. 

27. Find the equation of the circle passing through the point 
(—1, 2) and orthogonal to the circles 

e@+y—4=0 and 4a2+7?-3r—4=0. 

28. Let #?+7?-a,x—b=0 and «?+7?—a,r—b=0 represent two 
circles. Show (1) that a circle can be described passing through 
(%,, %) and orthogonal to the two given circles, and (2) that two 
circles can be described touching the line v7 +my+n=0 and orthogonal 
to the two given circles. Find the equation of the circle in (1), and 
also the equations of the two circles in (2). 

29. If (#’, &’) is the inverse of (h, &) with respect to the circle 

(7-1? +(y—2)=5, 

_ W+R+3h—4k pa 2+ 2k 4h 3h 
A+R 2h -4k4+5? PE - 2h - 4h 4-5 
30, Prove that the points (A, /) and (h’, &’), where 

r2(h—a) oth 7?2(k—b) 
(hava a Dye, a aE 
are always inverse to each other with respect to a fixed circle, and 
find its equation. 

31. Find the length of the least chord of the circle 

w+ y+ 29m + 2fy +c=0 
which passes through an internal point (7, 7). 

32. If w=x-y-1, B=x-y-2, y=r+y—-3, d=2+y-A4, prove 
that o8+yd=0 is a circle passing through the intersections of a=0 
and y=0, «=0 and 6=0, 8=0 and y=0, B=0 and 6=0. 

33, If a=2v—y+3, B=5x+3y—29, y=u—B8y+14, db=x+4y+1, 
prove that ~B=y6 is the equation of the circle circumscribing the 
quadrilateral whose sides, taken in order, are ~=0, y=0, B=0, 6=0. 

34, Prove that constants p, g can be so chosen that the equation 

(cig + doy + Co) (ag + bay + Cg) + page + byy + ¢s)(ay2 + by +e) 
+9 ae + by +c) (aon + boy + Cy) =9 
shall represent the circle circumscribing the triangle whose sides are 
aatby+e,=0, agrtby+e,=0, a3x+byy+e,=0. 
Prove that 
p(3x—2y —8)(x+2y) +9 (a+ 2y) (2a + 3y +3) 
+7(2x+3y+3)(8"—2y—3)=0 
is the equation of the circumcirele of the triangle whose sides are 
Qv+3y+3=0, 3”-2y7-38=0, #+2y=0, 
uw p=8, g=-—1, r= —-5. 


prove that h’ 


h=at+ 
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35. If S=0 and S’=0 be the equations of two circles, interpret the 
equation S—£S’=0, where & is a constant. 

If a line meet S=0 in P and Q, S’=0 in P’ and Q’, and 
S—kS’'=0 in R, show that RP. RQ: RP’. RY is constant for all 
positions of the line. 


36. The tangents from two fixed points to a variable circle are of 
given lengths ; show that the circle passes through two fixed points. 


37. The equation of the circle whose diameter is the line joining 
the points in which /7+my=1 cuts 
a(x +7") + 29x +2fy+e=0 
is. a(2+m*) (x? + y*) —2(al+flm —gm*)x 
—2(am+gln — fl?)y+ 2a + 2gl + 2hm + c(? +m?) =0. 
38. Prove that the circumcircle of the triangle formed by the lines 
be+eyt+a=0, cextayt+b=0, ax+by+c=0 
passes through the origin if 
(6? +0?)(c? + a?) (a? + b?) =abe(b+c)(e+a)(a+). 
39. If P(x, y¥,) is a point within the circle 
w+ y?+ 29x + 2fy+e=0, 
and AB a chord of the circle passing through P such that AP=2PB, 
find the length of AB. If AP/PB=m/n, find the length of AB. 


40. ‘Through the point P(1, 1) is drawn a line of gradient 1 to 
meet the circle #*+y¥?—27°—4y=0in A.and B; find the lengths of PA 
and PB, using the equation 

(«—.2,)/cos 0=(y—y,)/sin O=r. 

41. Through the point A(x, y,) is drawn a line to meet the circle 
v+y=a in-Pand Q, and to meet the polar of A in 2; prove that 
1/AP+1/AQ=2/AR, 
that is, prove that R is the harmonic conjugate of A with respect to 


(6 Pup. and @ in which any secant through A meets the circle. 


[Use the equation (v—.7,)/cos d=(y—y)/sin O=7.] 
42. Through the point (3, 4) is drawn a chord of the circle 
a2 4:72 = 225, 
so that the given point is a point of trisection of the chord; find the 
equation of the chord. 


48. Through the point A(1,1) are drawn the two chords of the 
— x*+9?=10 which are trisected at A; find the equations of the 
chords. ‘k 
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CHAPTER IX. 


CONCHOID. CISSOID. WITCH. PARABOLA. 
ELLIPSE. HYPERBOLA. 


64. The Conchoid of Nicomedes. Let O (Fig. 53) be a 
fixed point (called the pole) and AB a fixed straight line 
(called the directrix); let OPQ be a variable line cutting 
AB in Q and let the distance QP (measured either way) be 
constant. The locus of P is called the Conchoid of 
Nicomedes. 


Fic. 53 (a). 


Let X’OX be drawn. perpendicular to AB, meeting 
AB in C; let X’OX, YOY be rectangular axes and_ let 
0C=c, PQ=b. 

To find the equation of the conchorid. 

Let (a, y) be the coordinates of any position of P, and let 
MP be the ordinate of P. 
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The triangles OCQ, OMP are similar ; therefore 


so that cg= 4% and therefore the coordinates of Q are 


(«. 3) 
x 


Fic. 53 (0). Fic. 53 (c). 


The detining property of the conchoid is 
. PU=6*. 


2 
Hence (a—cP+ (y bad e) = 


which reduces to (a? + y?)(a@—c)? = bax? 
This is the equation of the conchoid. 


SS 64, 65] THE CONCHOID. 145 


The curve has three forms according as (1) b<c (F ig. 
53 (a)), (2) b=c (Fig. 53 (b)), (8) b > ¢ (Fig. 53(c)). A point 
O, a line AB, and a length (or parameter) 6 being chosen, the 
locus may be roughly sketched by hand, as a circle may be 
roughly drawn by hand instead of with a pair of compasses. 

The locus may be mechanically described, as a circle is 
described with a pair of compasses, with the instrument 
sketched in Fig. 54. The fixed point 
O is a pin projecting from a small 
wooden board ; the variable line OPQ 
is a slot cut in a thin slip of wood, 
resting on the board so that the slip 
is movable about O in such a way 
that Q, a pin fixed on the under side 
of the slip, moves up and down AB, 
a straight groove cut in the board, 
while P, another fixed pin or pencil- 
point, traces out the conchoid on the 
board. 


65. Geometrical Problems. The Con- 
choid of Nicomedes may be used to 
solve problems, just as the straight 
line and circle (ruler and compasses) 
are used. Just as we say, with centre 
O and radius 7 describe a circle, so 
we say with pole O, directrix AB 
and parameter }, describe a conchoid. 
Problems requiring the use of the 
straight line and circle only are called 
Euclidean problems ; problems requir- 
ing the use of other loci, such as Fic. 54. 
the conchoid, are called Geometrical 
Problems. Indeed, loci like the conchoid were invented to 
solve problems beyond the power of the straight line and 
circle, such as that of trisecting an angle and that of finding 
two mean proportionals or duplicating the cube. 


66. Trisection of an Angle. Let ABC (Fig. 55) be a right- 
angled triangle having Ba right angle. Describe a conchoid 
having A as pole, BC as directrix and 2AC as parameter. 


G.A.G. K 
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Let a parallel to AB through CO meet the conchoid in &. 
Then AF trisects the angle BAC. 


Fic. 55. 


Proof. Uet AE cut BC in F, and let @ be the middle 
point of HF. 
Then, since ECF is a right angle and HG=GF, 


GC=GE=GF. 
But 


EF=parameter of conchoid 
=2A0; 
therefore CA =CG=GE, 
and 


A A A A 
CAF=CGFr=20EF=2FAB, 
so that AF trisects angle BAC. 


67. The Cissoid of Diocles. Let 
X’OX, Y'OY (Fig. 56) be rect- 
angular axes. Let A be a fixed 
point on the a-axis, and let 
OQA=a. Describe the circle on 
OA as diameter; through A 
draw the perpendicular to OA. 
Let Q be a variable point on this 
bade perpendicular, join OQ cutting 

hie. the circle in R and cut off 
OP=RQ. The locus of P is called the Cissoid of Diocles. 
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To find the equation of the Cissoid. 


Let the coordinates of P be (a, y) and let MP be the 
ordinate of P. 


AQ MP AQ 4 
Th aay een Bed, 
nes OA OM a ~ a’ 
and therefore A= 2, GRE Pore egy Me Siete’ Me (1) 
Bub = 0G? 20k Gta tg oe a OY), 
oe ge ? 
therefore 0d= easy if Meee (2) 


Now OQ.RQ=AQ?, and therefore OQ.O0P=AQ® 
Hence, by (1) and (2), since OP =,/(a?+y?), 


ue repo ee, 

- that is, a(a?+y")=ay’ 
or yy = oars 
a—2 


This is the equation of the Cissoid. The locus may be 
roughly sketched by hand; its form is shown in the figure. 


68. The Duplication of the Cube. Let d denote the edge 
of a cube; it is required to construct geometrically d, so 
that d,2=2d?. This is the problem known as the duplica- 
tion of the cube. In Fig. 56, let B be the point on OY 
such that OB =204A, and let AB cut the Cissoid in P. 

Then, from the equation 


ya 
Ya—@’ 
OM? OM* 
yep 2 ee 
we have MP =04-0M MA CC (1) 
But, by similar As MAP, OAB, 
MA_OA_1 
MP OB 2’ 


and therefore MA =i4MP. 
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Substitute in (1); 


then MP = MP or JM Pee SORT. 
Now construct d, so that 
OM: MP=d:d,. 
Then df= 20°. 


69. The Witch of Agnesi. Let X’OX, Y’OY (Fig. 57) be 
rectangular axes, A a fixed point on X’OX, B the middle 
point of OA, CD the 
parallel through B to 
Y’OY. Let Q be a vari- 
able point on CD and let 
OQ meet the circle on 
.OA as diameter in R. 
Let the parallel to OX 
through @Q meet the 
parallel to OY through 
Rin P. The locus of 
P is called the Witch of 
Agnesi. 

To find the equation 
of the Witch. 

Let OA = 2a; let P be 
the point (a, y) and MP ~ 
the ordinate of P. 

From similar triangles 


OMR, ORA, 
OR_OM. 
OAS ORS 
therefore OF'=0A,0M=2a0. ....05.008 (1) 
From similar triangles OBQ, OM R, 
0Q_OR. 
OB OM’ 
therefore OM" _ ORF 


OB = OM” 
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that is, by (1), OG _ 2a 
a x 
3 
or 0@=, sures Aect patelen ae Seen (2) 


But OW? = OB? + BE =0B? + UP =0? +4; 
therefore, by (2), w+y= 2a? 
x 
or x(a? + y") = 2a? 


This is the equation of the Witch. The form of the 
curve is shown in the figure. 


Fie. 58. 


70. The Parabola. Let S (Fig. 58) be a fixed point, called 
the focus, ZZ a fixed straight line, called the directrix ; 
let P be a variable point which moves so that its distance 
from S is numerically equal to its (perpendicular) distance 
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from ZZ; the locus of P is called a Parabola. The form of 
the curve is shown in Fig. 58 when S is the point (1, 0) 
and ZZ the line «= —1 referred to the axes X’OX, YOY. 
It was obtained by describing circles with S as centre 
and radii 10, 11, 12, 13... divisions in length to cut 
successively the vertical lines from O to the right; e.g. the 
point P on the curve is such that radius SP=15 divisions 
in length= PM, the perpendicular from P to the directrix. 
The point O is called the vertex.and the line OX the axis 
of the parabola. ; 

To tind the equation of the parabola in Fig. 58. Let 
P (a, y) be any point on the curve. 


Then SP2=PM*; 
therefore (e—-1)??+y?=(e+1); 
thabds. Paden 


is the equation of the parabola. 
Ex. 1. Find the equation of the parabola whose focus is the point 
(a, 0) and whose directrix is the line c= —a. 


Ex. 2. Find the equation of the parabola whose focus is the point 
(2, 0) and whose directrix is the y-axis. 


Ex. 3. Find the equation of the parabola whose focus is the point 
(0, a) and whose directrix is the line y= —a. 


Ex. 4. Find the equation of the parabola whose focus is the point 
(2, 1) and whose directrix is 837+4y=5. 


71. The Ellipse. Let S and S’ be two fixed points in a 
plane (called the foci) and let a variable point P in the 


plane move so that PS+ PS’ is constant; then the locus. 


of P is called an ellipse with foci S, 8S’. The locus may be 
mechanically deseribed by passing an endless string round 
two pins, placed at the foci S, S’, and then keeping the 
string tight by a pencil moving in the plane and tracing 
out the locus. ~ : 

Fig. 59 shows the form of the ellipse when the foci S, S’ 
are the points (2, 0), (—2, 0) and PS+PS’=5. 

To find the equation of this ellipse. 
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Let P(x, y) be any point on the locus; then 
SP=/(a@—-27+y, SP=J/(e+2P7+y%; 


therefore V(e+2P+y+J(a—2P+ ys: 
or V(@+2P4+yP=5—-V@—2P +e. 
Squaring, we obtain 
(w@+2)+y?=25 + (a@—2)P+ y?—10V(a— 22+ 92, 
which reduces to 
8a —25 = —10/(w@—2P +4. 


Squaring again, we get 
64a? — 400x + 625 = 100x? — 400x + 400 4+ 100y?, 
or, 36a? + 100y? = 225. 
This is the equation of the ellipse. 
AA’ is called the major axis and BB’ the minor axis of 
the ellipse; the points A and A’ are called the vertices of 
the ellipse. 


Ex. 1. A point P moves so that the sum of its distances from the 
points (2, 0) and (—2, 0) is 6; find the equation of the ellipse traced 
- out by P; and draw the figure. 
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Ex. 2. A point P moves so that the sum of its distances from the 
points (¢, 0) and (—e, 0) is 2a, where a>c; prove that the equation of 
the ellipse traced out is 
Ths y et ie 
aT DS = or ae Gal, 
where 6?=a?—c?. 


Ex. 3. A line WN, 7 inches long, slides with the end. on the 
x-axis and the end WV on the y-axis; P is the point on MJ, that is 
3 inches from M and 4 inches from WV. If «, y are the coordinates 
of P, show that 4 3 me oA 
SOR et, eee 
«=O, y 7 ON, 167 9 1 

If P is 6 inches from M and a inches from J, the length of “NV 
being now (a@+0) inches, then 


72. The Hyperbola.. Let S and.S’ be two fixed points in a 
plane (called the foci) and let a variable point P in the 
plane move so that the difference of PS and PS’ is constant ; 


shen o 


i 
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then the locus of P is called a hyperbola with foci S, 9’. 
The locus may be mechanically described as shown in 
Fig. 60. The rod S’K turns about S’, while a string 
(whose length is less than that of the rod) connected to S 
and K is kept tight by a pencil P moving in the plane 
along the rod. 
If S is the point (4, 0), S’ the point (—4, 0) and 
PS’ ~ PS=4, to find the equation of the locus. 
Let P(x, y) be any point on the locus (Fig. 60). 
SP=VJ(2—4P+y, SP=J/(a+4P+y? 
If Deis fee seen snes cca tésnkuas (1) 
Na+ 4p typ—Ve—4P ty a4; 
therefore JMe+ 42+ y2=44a—4pP+ 7. 
Squaring and reducing, we have 
24 —2=/(~—4)?+ y?. 
Squaring again, we get 
4a? —8a+4=(a—4)?+y? 
or 30? — y? =i yy 
which is the equation of the hyperbola. 
The same equation is obtained if we start from 
Pf Yo Ray ae ony ee Peet (2) 


instead of from (1). The right-hand branch of the curve 
corresponds to (1), and the left-hand branch to (2). 


73. Conic Sections. If a right circular cone be cut by a 
plane me 
(i) which is parallel to a generator, the section is a 
parabola ; 
(ii) which is not parallel to a generator and yet cuts 
- only one sheet of the complete conical surface, the 
section is a circle when the plane is perpendicular 
to the axis of the cone, and an ellipse when it is 
not ; 
(iii) which cuts both sheets of the conical surface, the 
section is a hyperbola. 
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Fig. 61 helps to explain these statements. The parabola, 
ellipse and hyperbola are often referred to as conic sections. 


(a) The Parabola. 


= 


(6) The Ellipse. 


“di eee 


4 


_ The definitions of parabola, ellipse and hyperbola given 
in §§ 70, 71, 72 do not show the connection between the 


(c) The Hyperbola. 
Fic. 61. 
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curves as clearly as might be; hence the following definition, 
called the focus and directrix definition, is also worth noting: 
If S is a fixed point, called the focus, and Z’Z a fixed line 
called the directrix, and if M is the projection on ZZ of a 
variable point P which moves so that SP=e.PM, then the 
locus of P is called a parabola if e=1, an ellipse if e<1 
and a hyperbola if e>1, e being called the eccentricity. 


Ex. 1. Find the equation of the conic section whose focus is the 
point (2, 0), whose directrix is v=25 and whose eccentricity is #. 

The equation is (a — 2)? +7? =48 (7 — 2), 
that is, 36x" + 1007? = 225. 

The conic is the ellipse of § 71. 

Ex. 2. Find the equation of the conic section whose focus is the 
point (4, 0), whose directrix is s=1 and whose eccentricity is 2. 

The equation is (7—4)?+7?=4(%-1)%, 
that is, 302 —7?=12. 

The conic is the hyperbola of § 72. 

Ex. 3. Find the equations of the conic sections whose focus is the 
point (2, 1), whose directrix is v—2y+3=0 and whose eccentricities 
are (i) 4 ;.Gi).1; (ii) 2. 

(i) The equation is 


1 /(a—-27+3\2 
al Pia( apo je, ) 
(7-22 +(y-1) at ie) 
that is, 19.0? + 4xy + 167? — 86.7 — 287+ 91=0. 


(ii) The equation is ‘ 
9 (#—2y+3 
co-op g—19=(2=9128)h 
that is, 4a? + Any +4? — 2647+ 2y +16=0. 
(iii) The equation is 


oe 3\2 
that is, a? + 16xy —11y?— 447+ 38y —11=0. 


Ex. 4. Show that the general equation of a conic section is of the 
second degree in 2, ¥. 

Let the focus be (p, q), the directrix z+my+n=0 and the eccen- 
tricity e; then the equation of the conic is ; 

s+ my +n 
@-pi+y-gi=8 ee. 

Squaring out, collecting like terms and rearranging, we get an 
equation which contains terms in x, xy, 7”, @, y and an absolute term ; 
the equation is therefore of the form 

ax? + Qhuy + by? + 2ge+ 2fy +c=0. 
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74. The Equation of a Locus. A geometrical locus such 
as the straight line, circle, conchoid, cissoid, ete., is defined 
by a certain condition. A fundamental problem in Ana- 
lytical Geometry is to represent a defined geometrical locus 
by an analytical equation. This can be done in an infinite 
number of ways; for rectangular axes of reference can be 
chosen in an infinite number of ways. If (x, y) be the 
coordinates, with respect to chosen or assigned axes, of any 
point on a locus, the condition defining the locus can be 
translated into an equation in «, y, and certain constants 
required to specify the locus. This equation is called the 
equation of the locus. 


75. Worked Examples. We shall now work some examples 
of the process of finding the analytical equations of 
specified loci. 


Ex. 1. If O is the origin of rectangular axes and @ moves round 
the circle x*+y*—4x2+3=0, find the equation of the locus of P, the 
middle point of OQ. Draw the loci of Q and P. 


Let (4, £) be the coordinates of a position of P (Fig. 62).’ 


2 ee (2h, 2k) are the coordinates of the corresponding position 
ty) 


But Q is a point on the given circle ; therefore the coordinates of Q 
satisfy the equation 
Oe ee ESAS: is euccuce toe’ Meat canchacd (i) 
“. (2h)?+ (2k? —4(2h)4+3=0; 
, 4h? +4k?-8h4+38=0; 
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SA 


ae. the coordinates of any point on the locus of P satisfy the 
equation Bey = Bar 8 0 el ee ek (ii) 


obtained by writing «, y for h, & to indicate a variable point. 
Hence this is the equation of the locus of P. 
We may write (i) in the form 
(o-2+y°=1, 
and (ii) in the form (e—1)?+7°=(3)2. 
Hence the locus of Q is the circle centre (2, 0), radius 1; and the 
locus of P is the circle centre (1, 0), radius 3. 


Ex. 2. A variable circle touches the x-axis and the fixed circle 
whose radius is a, and centre (0, a); find the equation of the locus of the 
centre of the variable circle, and sketch the form of the locus. 

Let A (Fig. 63) be the centre of the fixed circle. 

Let P(h, £) be a position of the centre of the variable circle ; let 
MP be the ordinate of P. : 


vA 
A 
N 
O Pr 6) M 

Fic. 63. 
Draw PN, the perpendicular from P to OA. 
Then , Alp 2 = NAAR IVES © 2, deat ativode duc asda cece tens (i) 
Also AP=sum of the radii of the two circles 


=a+MP=atk; 
NA=O0A-ON=a-k; 
and NP=A. 
Substituting in (i), we get 
(a+kpa(a—ky+ he, 


which reduces to h?=4ak. 
Writing x, y for h, & to denote a variable point on the locus, we get 
av? =4ay 


as the equation of the locus, the form of which is shown in the figure. 
The locus is a parabola of which Q is the vertex and OY the axis (§ 70). 
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Ex. 3. A variable line passing through the point (1, 1) meets the axes 
of « and y at M and N respectively. Parallels through M and N, to the 
axes of y and x respectively, meet in P. Find the equation of the locus 
of P, and draw the form of the locus. 

Let one position of the variable line through A(1, 1) be MAW of 
gradient m (Fig. 64), and let P(A, &) be the corresponding point on 
the locus. 


Fic. 64. 


Then the equation of WAN is 


= Leon GW) Mae adie ves cate ena novos aioe (i) 
Now &, whose coordinates are (/, 0), lies on the line (i) ; 
therefore SPS MURAD) cnceec hac aewoteeeeceesnocesas (ii) 
Also NV, whose coordinates are (0, /), lies on (i) ; 
therefore A= il Ss Hane ied gees sodvetentttern.necteeras (iii) 


We wish to obtaia a relation between h, #, so divide (ii) by (iii), 
and get l 


oa i | a h + 1, 
that is, 1=(A-1)(4-1) 
or hk=h+k. 
_ Writing 2, y for h, & to denote a variable point on the locus, we find 
LY AAD) so Besue shies 5 ams coo shed plesk val (iv) 


as the equation of the locus, whose form is shown in Fig. 64. 
If we write equations (ii) and (iii) in the form 
h=1-I1/m, k=1=m, 
we see that x=1—1/m,y¥=1—m are freedom equations of the locus. 


Equation (iv) is the constraint equation, obtained of course by the 
elimination of m. The locus is a hyperbola (§ 72). 
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Ex. 4. A and A’ are the points (a, 0) and (—a, 0); and B and B' 
are the points (0, b) and (0, —b). If @ and YY, variable points in A'A, 
divide ut externally and internally in the same ratio, and if BQ and 
BY meet in P, find the equation of the locus of P, and sketch the locus. 

Let @ divide A’A externally in the ratio £:1 (Fig. 65). 


Then abscissa of ganee 3 
therefore @ is the point bee 0). 


Also Q’ divides A’A internally in the ratio £:1; 


therefore abscissa of qt, 
and Q is the point ee 0). 
The equation of BY is 
ci acd) Ee, I eee ae tae (i) 
a(k+1) b 
The equation of B’G’ is 
ATES SRO Re eR oe pe i 
T(ba A) TB cerceiressteesseeeenes (ii) 


p(k-1)_ ipo qd from (i), 


p(k+1) 


and PUES 


=1+} from (ii). 


160 . ANALYTICAL GEOMETRY. [CH. IX. 


Multiplying these equations together so as to eliminate /, we have 


py 
a me 3 
This is an equation connecting p, gy with the constants specifying 
the locus. Write «, y for p, g, and we obtain 


ate 9 


as the equation of the locus. A sketch of the locus is shown where 
a=5, b=3; the value of & for the points Q, Q’ in the figure is 6. 
The locus is an ellipse (§ 71). 


Ex. 5. Q and R are variable points on the x and y axes, such that 
QR subtends a right angle at the fixed point A(a, b); and P is of aa 
of the perpendicular from the origin to QR. Find the equation of the 
locus of P. 


Fic. 66. 


Let P(h, &) (Fig. 66) be a point on the locus, and let M@, V be the 
projections of P on the w and y axes. 


Let OQ=t ; 
then gradient of AQ= a ; 
therefore gradient of AR= =" 
Hence the equation of AR is 
vo : 
y-b= + aa) Meee ee ee eS (i) 


But £# lies on AR ; substituting v=0 and y=OR in (i), we get 
OR- bi — site) 


or DOR SOP 0 = O2. Newinaaigye eee ee (ii) 


——— 
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Now, from the right-angled triangle OPQ, we get 


0Q.OM=OP? 
that is | pot Le We eee (iii) 
From the right-angled triangle OPR, we get 
OR.ON=O0F? 
24 72 
or ona tk do ds edaseeasdestasgasiemas (iv) 
Substituting in (ii) the values of ¢ and OR from (iii) and (iv), we get 
b(2+K) 4 1g (AP +8) . 
GT ey at RE SS 
that is, (A? 2) bh + oh) = (GP +B) AR, 2... .eccevecseeeresesd (v) 


Writing 2, y for h, & to denote a variable point on the locus, we get 
(22 +y°)(bo-tay) =(a2-+B?)ny 
as the equation of the locus of P. 
Note. From (iv), OR=(h?+k*)/k, so that (ii) may be written 
BCAA Yh HOF 4 OF — Ob. oo ce cececesenssevooenes (iia) 

Equation (v) is found by eliminating ¢ from (iia) and (iii). 

The method of solution thus consists in first choosing a suitable 
parameter ¢, then forming two equations in 4, &, ¢, and finally elimi- 
nating ¢. The last two steps again illustrate the connection between 
freedom and constraint equations. 


EXERCISES XIX. 


1. If A be the fixed point (0, 2a), and Q a variable point which 
moves along the x-axis, find the equation of the locus of the middle 
point of AQ, and draw the locus. | 

2. P isa variable point lying within the angle YOY; Mand V 
are the projections of P on OX and OY respectively. If the perimeter 
of the rectangle OMPN is 4, find the equation of the locus of P, and 
draw the locus. 

3. If in Ex. 2 the area of OMPN is 1, find the equation of the 
locus of P, and sketch the locus. a 

4, OABC isa variable rectangle of constant perimeter 2a, and the 
sides OA and OC lie along the axes of reference ; find the equation of 
the locus of the middle point of AC, and draw the locus when a=1.. 

5. A is the fixed point (1, 1) and AB is any line through it cutting 
the z-axis in B. If AQ is perpendicular to AB and meets the y-axis 
in GC, find the equation of the locus of P, the middle point of BC, as 
AB varies. 

G.A.G. L 
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6. A and B are any two points on the axes of # and y respectively 
such that 204 +30B=10; find the equation of the locus of the middle 
point of AB, and draw the locus. 


7. @ is a variable point on the circle a®?+y*=a*?; @P is drawn 
parallel to the v-axis so that @P=2. Find the equation of the locus 
of P; interpret the equation and draw the locus. 


8. Qis a variable point on the circle 2?+y?=9; QM and MP are 
drawn parallel to the z- and y-axes respectively so that QM/=2, 
MP=3; find the equation of the locus of ?, and draw the locus. 


9. MQ is a variable ordinate of the circle 2?+y?=1; P is taken in 
MQ so that MP=2MQ. Find the equation of the locus of P, and 
sketch the locus. Find also the area enclosed by the locus. 


10. MQ is a variable ordinate of the circle 7?+7?=a?; QR, RP are 
drawn parallel to the y- and x-axes respectively, so that MR=2MQ 
and RP=OM, where O is the origin ; find the equation of the locus of 
P, and sketch the locus. 


11. If O is the origin and @ moves round the circle 
v+y?—4¢+3=0, 


find the equation of the locus of P, the point of trisection of O@ 
nearest to 0. Draw the locus. 


12. A is the fixed point (6,0); AP isa variable secant of the fixed 
circle #7+7?=a?; find the equation of the locus of the middle point of 
the chord PQ, and draw the locus. 


13, A variable point P moves so that its distance from the z-axis 
is numerically equal to its distance from the point (0, 2a); find the 
equation of the locus of P, and sketch the locus. 


14, A variable point P moves so that its distance from the point 
(0, 4) is numerically equal to its distance from the line y=1; find the 
equation of the locus of P, and sketch the locus. 


15. A variable point P moves so that its distance from the point 
(8, 0) is double its distance from the y-axis; find the equation of the 
locus of P, and sketch the locus. 


16. A variable straight line cuts Y’OX, Y’OY in P, Q respectively, 
and moves so that the area OPQ is constant (=a); find the equation 
of the locus of the middle point of PQ, and sketch the locus. 


17. A straight line PQ of constant length 2a slides between the 
axes of w and y; find the equation of the locus (i) of the middle point 


of PQ, (ii) of each of the points of trisection of PQ. Sketch the forms 
of the loci. 


18. Prove that y= —.? is the locus of a point which moves so that 


its distance from the point (1/2, 0) is always equal to its distance from 
y=1/2. Sketch the locus. 
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19. Make a drawing of the ellipse whose focus is at the origin, 
whose directrix is «—y=3 and whose eccentricity is 1/2. Find the 
equation of the curve. 


20. A straight line rotates in a plane about a fixed point A, whose 
coordinates with respect to rectangular axes OXY and OY in the plane 
are z=a and y=b, and cuts the axes in the variable points Q and AR. 
A point P is taken on the line so that PQ=RA. Show that the 
equation of the locus of P is the hyperbola zy=ab, and sketch the 
curve. 


21. B is a fixed point on the y-axis such that OB=k. C is any 
point on the z-axis, OD bisects the angle BOC and meets BOC in D, 
and £ is the middle point of CD. Find the equation of the locus 
of # as C moves from 0 toa point A along OX. Draw the path on 
squared paper, taking £as 5 cms. and OA as 30 cms. 


22. A variable circle touches the z-axis and the fixed circle whose 
centre is (0, a) and radius a; find the equation of the locus of the 
point on the variable circle which is furthest from (i) the #-axis, 
(ii) the y-axis ; and sketch the forms of the loci. 

23. <A fixed circle, centre (0, 6) and radius a, is drawn. A variable 
circle touches the fixed circle and the axis of z. Find the equation of 
the locus of the centre of the variable circle (i) when 6><a, (ii) when 
b=a, (iii) when 6 <a. 

24, A variable circle is described to pass through the point (a, 0) 
and to touch the straight line y=. Find the equation of the locus 
of the centre of the variable circle, and sketch the locus. 


25. A variable circle is described to pass through the point (0, a) 
and touch the straight line y=z. Find the equation of the locus of 
its centre, and sketch the locus. 


26. A variable circle is described to pass through the point (a, 0) 
and touch the line +y=0; find the equation of the locus of its 
centre, and sketch the locus. 

27. A variable circle passes through the point (a, a) and touches 
the x-axis. Find the equation of the locus of its centre, and sketch 
the locus. 

28. A fixed circle of radius a touches the x-axis at the origin. A 
variable circle touches the y-axis and the fixed circle; find the 
equation of the locus of the centre of the variable circle, and sketch 
the locus. 

29. Find the equations of the loci of the centres of the circles 
which touch both the #-axis and the fixed circle #?+y’=a?, Sketch 
the loci, and refer each sketch to its corresponding equation. 

30. A variable circle touches OY and the line «=a, The join 
of the origin to the centre of the circle meets the circle in P. Find 
the equation of the locus of P, and sketch the locus, 
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31, AOA’, BOB are two perpendicular diameters of a circle whose 
centre is 0, and whose radius is unity. £& is a movable point on the 
circle, 4‘R meets BOB’ in NV; and Q is a point on AR whose distance 
from BOB’ is equal to ON. Find the equation of the locus of @, A4’0A 
and B’OB being the w- and y-axes of reference. Trace the locus 
on squared paper, taking special care to show the form near the point 
whose abscissa is unity. 


32. A is the fixed point (a, 0); Q is a variable point on the y-axis, 
and AQP a variable isosceles triangle on AQ as base, having QP 
parallel to the line y=. Prove that the equation of the locus of P is 

wv —y? + 2ar=a?. 

Trace the curve. 


33. P is the foot of the perpendicular from the origin on to a 
movable line cutting the axes at A and B so that OA+OB=1. Prove 
that the locus of P is specified by the equation 


@+y\ery)=zry- 


From considerations of its geometrical property, sketch roughly th 
part of the curve that lies within the angle YOY. : 


34. OABC is a square; D is a fixed point on OA produced. A 
variable line DPY meets AB in P and BC in Q; prove that the locus 
of the intersection of OP and AQ is a straight line. 


35. A circle, described with the origin O as centre and radius a, 
meets the negative part of the axis of xin A. P is any point on 
this circle, and @ is a point on the ordinate of P such that OQ9=AP. 
Prove that the locus of Q is a circle, centre (a, 0) and radius a@,/3. 


36. P is the foot of the perpendicular from the origin to a tangent 
through the movable point @ on the circle on OA as diameter, where 
O is the origin and A is the point (2a, 0). Prove that the equation of 
the locus of P is 

(a? + y?)? — Qax (a? + y*) -- a?y?=0. 


be locus is called the pedal of the circle with respect to the point O 
on it. 


37. A circle is described on OA as diameter, where O is the origin 
and A is the point (2a, 0). @ is any point on the circle, & is the 
image of @ in OA, and the diameter through R meets O@ in P. 
Prove that the locus of P is given by the equation 

3" — y? — 2ax=0. 


38. A is the point (a, 0); B and © are variable points on the 
y axis such that BC=a. Prove that the locus of the foot of the 
perpendicular from C to AB is given by 

v(x? +y*) — av(Qx+y)+a2(x+y)=0. 


39. A and B are the points (a, 0) and (0, b) respectively. @Q is 
a movable point in the line 4B, and M and Mare its projections on 
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the axes of v and y respectively. Prove that the equation of the 
locus of the intersection of dV and BM is 


b?x? + abay + a7y? — 2ab’x — 2a2by + ab? =0. 
Sketch the locus. 


_ 40. A and B are the points (a, 0) and (0, b) respectively, and OACB 
isa rectangle. Through C is drawn a variable line to meet the axes 
of x and y in @ and & respectively. BQ and AR meet in P; prove 
that the equation of the locus of P is 

bx? + abry + ay? = ab(bi+ay). 

41. C is the fixed point (a, 6); A and B are its projections on the 
xz- and y-axes. @ in OA and # in BC are such that QZ is parallel 
to OB; S in OB and T in AC are such that $7’ is parallel to OA. 
If YR and S7 are movable, prove that the locus of the intersection of 
QS and RT is the line 4B, and that the locus of the intersection 
of SR and QT is the line OC. 


42. A is the point (2a, 0); @ is a variable point on the circle on OA 
as diameter, where O is the origin. On the line O@ is measured, 
either way, a length Q@P equal to 2a. Prove that the locus of Q 
(called a cardioid) is specified by the equation 


(a? +7? —2ax)?= 407 (4? +4”). 


43. A is the point (a, 0) and B any point on the line v=a; the 
bisector of the angle OBA cuts OA at NV, and from JV a perpendicular 
is drawn to Of, meeting it at P. Find the equation to the locus of 
P as B moves along the line 7=a. 

If PW is produced to meet the line =a at Q, find the equation of 
the locus of the middle point of PQ, and show that the locus is a 
cissoid. 


MISCELLANEOUS EXAMPLES I. 


1. Prove that the points (3, 4) and (—4, 3) are equidistant from 
the origin. ‘ 

2. Prove that the points (/3, 1/2), (7/3/2, 3), (/3, 11/2) are the 
vertices of an equilateral triangle. 

3. A, B, two points on an axis, have abscissae (a+), (a— 6) respec- 
tively. Cand D are points on the axis such that 

AC: CB=a:b=—AD: DB; 

prove that CD=4ab?/(b? — a”), 

4, A, B, C are the three points (1, 4), (3, 2), (3, 11/2) respectively. 
M is the middle point of AB, and AC is produced its own length 
to V; calculate MN and the intercepts made by JW on the axes. 
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5. Prove that the points (—3, 1), (—1, 6), (—5, —4) are collinear 
and find the ratio in which the first cuts the join of the second 
and third. 


6. Prove that the lines joining (—2, —3), (6,5) and (1, —5), (3, 7) 
are the diagonals of a parallelogram. ; 

7. If (a, b), (c, d) are opposite vertices of a parallelogram and 
(c, b) is a third vertex, find the coordinates of the fourth vertex. 

8. Find the coordinates of the intersection of the medians of the 
triangle whose vertices are (5, — 1), (—3, — 4), (1, 8). 

9. Find the coordinates of the centroid of the triangle whose 
vertices are (21, Y;); (2) Y2); (3s Ys)- 

10. Prove that the lines joining (4, 0), (—2, 3) and (—3, 2), (6, 2) 

trisect one another. 


11. If (—3, 2), (1, 1), (5, 7) are the middle points of the sides of a 
triangle, find the coordinates of the vertices of the triangle. 


12. If masses 1, 1, 2 are placed at the points (2, 6), (4, —10), 
(—1, 4), find the centroid of the masses. 


13. If masses m,, my, m3 are placed at the points (x, ¥,), (#2, Yo) 
(#3, 7/3), find the centroid of the masses. ‘ 


14, If masses m,, mg, ..., Mn are placed at the points (x,, 4), 
(@, Y)y «+5 (Lny Yn), find the centroid of the masses. 


15. If G is the centroid of any number of fixed points 4, B, C, etc., 
and P is a variable point, prove that 


ZPA*=ZGA? +n. GP?, 
where ~ is the number of points. 

16. If G@ is the centroid of masses m,, m., etc., placed at the fixed 
points 4,, dy, etc, and P is a variable point, prove that 

=(m. PA®)=>(m. GA?) + (Sm). GP. 

17. A particle starts from the point (2, 3) and moves with com- 
ponent velocities of 3 and 4 feet per second parallel to the axes XOX, 
Y'OY respectively ; prove that the position of the particle at time 
¢ seconds is specified by the equations 

v=24+3t, y=3+4i, 
the scale unit of each axis being 1 foot. 
Graph the line of motion and find its equation in the form 
Ax + By+C=0. 


18. A particle starts from the point (—4, —1) amd one second later 


arrives at the point (—2, 3); find freedom equations for its path and 
deduce the constraint equation. 
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19. The scale unit of each of the axes Y’OX, Y’OY is one foot. 
The motion of a particle in the plane of the axes is given by the 
equations g=—142t, y=2-t, 
¢ being measured in seconds. Graph to a suitable scale the positions 
of the particle when ¢ is --3, —1, 0, 2, 3, 4. What are the x- and 
y-components of the velocity of the particle, and what is the constraint 
equation of its path ? 


20. Draw two rectangular axes 7’O0¢, v'Ov. Let one inch, the scale 
unit on the ¢-axis, represent one second ; let one inch, the scale unit 
on the v-axis, represent a velocity of 32 feet per second. Draw the 
straight line joining the origin to (1, 1). The diagram is called a 
Velocity-Time or v-t Diagram of the motion of a point on an axis. 
Find from the diagram 

(1) the velocity whent is 0, 1, 2, 3, 4; 

(2) at what times the velocity is (a) 16 ft. per sec., (b) 32 ft. per sec., 

(c) 48 ft. per sec., (d) 76°8 ft. per sec. ; 
(3) the acceleration (increase of velocity per second) ; 
(4) the space described in 1 sec., in 3 secs., in the 3" sec. 


21. Taking the velocity-time diagram of Ex. 20, find general 
formulae specifying (1) the velocity v at time ¢, (2) the time ¢ at which 
the velocity is v, (3) the space described in ¢ secs., (4) the velocity v 
when the space described is s. 


22. The velocity-time diagram of the motion of a point on an axis 
is a straight line. Show that the gradient of the line measures the 
acceleration of the motion. 


23. If v=u+at is the equation of the velocity-time diagram, what 
is the measure of (1) the acceleration of the motion, (2) the initial 
velocity, (3) the time when the particle is at rest ? 


24. Find freedom equations for the motion of a point along a 
straight line when the point has at one time coordinates (a, b) and 
t, seconds later coordinates (¢, @). Deduce the constraint equation 
of the line. 

25. Find freedom equations for the locus of a point which moves so 
that the gradient of the line joining it to (2, 1) is constantly 3/4. 

26. Prove that the lines joining (—4, 3), (—2,1) and (—5, —1), 
(—3, —3) are both perpendicular to the line joining (5, — 2), (3, — 4).’ 

27. Find the equation of the perpendicular to 4¢+y—2=0 through 
the point (—2, 3), the coordinates of the point of intersection, and the 
length of the perpendicular. 

28. Prove that the coordinates of the foot of the perpendicular 
from the point (7,, y;) on the line av+ by+ce=0 are 

b(ba, — ay)— ae aay — ba.) — be 
a+b? ; a+b 
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29,- A point initially at (7, 2) moves so that its distances from the 
lines 32—4y+1=0, 8v+6y—3=0 are in a constant ratio. Find the 
equation of the locus of the point and the value of the constant ratio, 


30. Find the coordinates of the point which is equidistant from 
(2, 3), (5, 4), (3, —2). 

31. Find the coordinates of the orthocentre of the triangle whose 
vertices are (2, 3), (5, 4), (3, — 2). 


32. If O, G, H are the circumcentre, centroid and orthocentre of 
the triangle whose vertices are (2, 3), (5, 4), (3, —2), caleulate OG 
and GH. 


$3. Find the coordinates of the vertices of the squares described on 
the join of (3, 4) to the origin. 


34, A, B are the points (—a, b), (c, —d) respectively. Through A 
is drawn AC equal and perpendicular to AB; find the coordinates of 
the two possible positions of C. 


35. ABC isa triangle having Ca right angle. On AB is described 
the square external to the triangle. If CA, CB are taken as axes of 
«and y, find the coordinates of the vertices of the square other than 
A, B in terms of a, 6 when a=COB, b=CA. 


36. ABC is a triangle, right-angled at A; on BOC, CA, AB are 
described, external to the triangle, squares BCDE, CAFG, ABHK, 
specified in the order of their vertices. If the figure be referred to 
AB, AC as rectangular axes of x, y, prove that the middle point of 
DE has coordinates $(2b+c), $(b+2c). Also find the equations of 
BG and CH, and prove that the join of their intersection to A is 
perpendicular to BC. 


37. If P, @, R are the middle points of the sides DE, FG, HK of 
the squares described, as in Example 36, on the sides of the right- 
angled triangle 4 BC, prove that 

4A PQR=2BC7+13 A ABC. 


38. A and B are two fixed points and C is a variable point. ACDE 
and BCFG are squares described on AC, BC external to the triangle 
ABC. Prove that M, the middle point of ZG, is a fixed point, so long 
as C' keeps to the same side of the line AB. 

If the figure is referred to rectangular axes so that A and B are the 
points (p, ¢) and (7, s), what are the coordinates of M2? 


39. Show that there is a point such that the perpendicular from it 
on the line xsin?+2y cos p=a 
is vie same whatever the value of ¢, and find the coordinates of the 
point. 

40. Find the ratio in which the line joining (1, 2) and (3, 1) is 


cut by the line 27—3y+1=0 and the coordinates of the point of 
intersection. a 
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41. If AB, CD cut at O and 4A, B, C, D have coordinates (—4, 1), 
(2, 5), (6, —3), (—1, 4) respectively, find AO: OB, OO: OD, and the 
coordinates of 0. 


42. Prove that the line joining (10, 5) and (2, 3) is divided internally 
and externally in the same ratio by the circle w?+y?=35. 


_ 43, Find the equation of the parallel to 2v—3y+1=0 through the 
image of (1, —1) in the given line. 


44, A, B, C, D are the four points (2, 4), (5, 1), (10, 6), (7,3) 
respectively. Show how to draw a line through the origin dividing 
AB and CD in the same ratio. Prove that there are two solutions of 
ee problem, and find the equation of each of the two lines which 
solve it. 


45. Given one side of a quadrilateral in magnitude and position, 
the length of the opposite side, the angle between these two sides if 
produced, and the area of the quadrilateral, find the locus of one of 
the free vertices. 


46. Find the equations of the two straight lines through the point 
(3, 4), which are equidistant from the two points (2, 1) and (1, 2). 


47. A and B are points on the z-axis, C and D are points on the 
y-axis, AHG and BFH are parallels to the y-axis, CEF and DG'H are 
parallels to the z-axis, and AH and D# meet in P. If /’is the point 
(a, 6) and G the point (c, d), find the coordinates of P in terms of 
a, b, c, d, and prove that P lies on the line O/' when 0 is the origin. 


48. Find the equation of the line joining the point (—2, 1) to the 
intersection of z—y—1=0 and 77+y7+33=0, and prove that it bisects 
the angle between them. 


49, A line moves so that the sum of its distances from the points 
(5, —1), (—3, —38) is equal to 12; find its envelope if the line does not 
pass between the points. 


50. A line moves so that the sum of the reciprocals of the inter- 
cepts made on the axes is constant and equal to. Prove that the 
line in all positions passes through the fixed point (1/f, 1/2). 
par bt _c+dt 

“pty? Frage 
where ¢ is a parameter, are freedom equations of a straight line, and 
find a transformation that would bring them into the form 


t=a+bu, y=e+d4, 
where w is the parameter. 
52. Find the in-centre of the triangle whose sides are 
37+4y—-12=0, 3r%—4y=0, y—6=0. 


51. Prove that 
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53. One side of a square of side a drawn from the origin has 
a gradient tan @; prove that the equations of the diagonals are 
y(cos 6 —sin 6)=2(sin 6+ cos @), 
y(sin 6+ cos 6)+2(cos 6 —sin #)=a. 
54, Find the in-centre of the triangle whose sides are 
xw—y+1=0, x+y-T7=0, x—3y+5=0. 
55. Prove that a common tangent to two circles cuts the join of 


centres internally or externally in the ratio of the radii. 
Find all the common tangents to the circles 


v+y*—3x-4y=0 and 2?+y*?—21r7+90=0. 


56. Find the equation of a straight line through (a, 6) and making 
an angle a with the line y=mr-+e. 

Find the equations of the sides of the rectangle which has (1, 2), 
(3, 4) as coordinates of the extremities of one diagonal and whose 
other diagonal is parallel to 2e—3y=0. 


57. Find the coordinates of a point such that the line joining it to 
the point (f, g) is bisected at right angles by the line l@v+my+n=0 ; 
and find the locus of the first point when the only restriction on the 
given line is that it shall pass through a fixed point. 


58. A and B are the fixed points (a, 1/a), (b, 1/b), P a variable 
point (¢, 1/4); PA and PB meet the axes of x and y in M, M' and 
NV, NV’ respectively. Prove that IM’ and VN’ are of constant lengths. 


59. If A and P be two points on the axis Ov, B and Q two points 
on the axis Oy, A and B being fixed and P, @ varying in such a 
manner that 

Bees Mla OLN 
OA OP OB 0Q’ 
show that PQ passes through a fixed point. 
60. The vertices of a triangle lie on the lines 
y=«xtan6,, y=axtand,, y=xrtan 6, 


the circumcentre being at the origin; prove that the locus of the 
orthocentre is the line 


«(sin 6,+sin 6,+sin 6,)—y(cos 0, -+cos 62+ cos 63) =0. 
61. The equations of the sides of a triangle are 
3a+4y=12, 5H—12Qy=20, 24y-Txr=72. 
Find (1) the area of the triangle, (2) the coordinates of the in-centre. 


62. Find the equations of the tangents from the point (11, 3) to 
the circle w?+y?=65 and of those from the point (4, 5) to the circle 
227 + Qy? — 8+ 127+ 21=0. 
_ 63. Find the equation of the circle inscribed in the triangle whose 
sides are a=0, y=0, w/4+y/3=1. 
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64. Draw the loci whose equations are 
az—y=1, x—-a®=0, (x—a)?+(y—byY=0, 


(~—1)(w—2)+(y-3)(y—4)=0. 

65. If the coordinates of A be (3, 0), those of B (0, 3) and those of 
C(—3, 0); and if D divide AB so that AD=2AB, and £ divide BC 
so that BE=2BC, find the points in which DE cuts the coordinate 
axes. 


66. ABC isa triangle; if the coordinates of A, B be (9, 0), (0, 9), 
and the lengths of AC, BC be 13, 5, find the coordinates of (. 


67. The coordinates of P and Q are (0,5) and (15, —4). If the 
point #, whose coordinates are (5, a), lies on PQ, find the value of a 
and find in what ratio PQ is divided at R. 


68. A and B are two points on the z-axis equidistant from the 
origin 0, and ABC is an equilateral triangle. Show that a point 
which moves so that the sum of the squares of its distances from 
the sides of the triangle is 30A? describes a circle. Find the radius 
and the coordinates of the centre, and draw the circle. 


69. The straight line c=a+ bt, y=c+dt meets the axes in P and Q; 
find the area of triangle OPQ, where O is the origin. 


70. If z/a+y/b=1 intersects z/4a=y/b and «/a=y/4b in P and Q, 
find an expression for the length of PQ. 

71. Prove that the circles 

v4+y?+rAx=a* and 2?4+47?+py=0? 

touch if 2p? + 4(b7r? + a2?) — 4(a? — b? PP =0. 

72. A and B are the points (a, 0) and (0, b); OAPB is a rectangle 
and @ is the projection of P on AB. If A and B move so that 

a+b =c(a? +67), 

where c is constant, show that the locus of @ is a straight line. 

73. P, Q, R start simultaneously from the points A, B, C, whose 
coordinates are (a, a’), (6, 0’), (c, ¢’). If their component velocities 


parallel to the x and y axes are / and U', m and m’, n and nm’ respec- 
tively, find when P, Q, #& are collinear. 


74, Prove that the centres of the three circles 
e+y?—4e—2y+7=0, w+y?=2a, 2x*+2y?+4y=3 
are collinear. 


75. A, B, Care the points (1, 0), (0, 1), (1, 1) respectively, and O is 
the origin. A point P moves so that the product of its perpendicular 
distances to OA, BOC is equal to the product of its perpendicular 
distances to OB, AC. Find the equation of the locus of P, and discuss 


the equation. 
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76. Sketch roughly the path of a point which moves so that its 
distance from (1, 0) exceeds by unity its distance from the y-axis, and 
find the equation of the path. 

77. Find the equation of the parabola whose focus is (0, 3) and 
whose directrix is y=1. 

78. Draw roughly the form ofthe parabola whose focus is (2, 8) 
and whose directrix is 2=y, and find the equation of the parabola. 


79. Draw the form of the ellipse whose foci are (—3, 0) and (38, 0) 


when the sum of the focal distances of any point on it is 8. Find the 
equation of the ellipse. 


80..A variable point moves so that the difference of its distances 
from the points (0, 0) and (3, 4) is 3; draw the form of the locus and 
find its equation. 


81. The focus of a parabola is (8, 5) and the directrix is x—2y=2; 
find the equation of the parabola. 

82. An ellipse has eccentricity 2/3, a focus is (~—1, —4) and the 
corresponding directrix is 2v+3y=5. Find the equation of the 
ellipse, 


83. A hyperbola has a focus at the point (2, 1), the corresponding 
directrix is y=3xv+5 and the eccentricity is 2. Find the equation of 
the hyperbola. 


84. A variable rectangle whose diagonal 3s of constant length a 
has one vertex at the origin O, a second vertex A on the 7 axis anda 
third vertex B on the y-axis. If @ is the free vertex and P(z, y) the 
projection of @ on AB, (1) find the equation of the locus of @; (2) 
prove that vja=(OA/a)> and y/a=(OB/ay ; 

@) find the equation of the locus of P, and sketch the form of the 
ocus. 


85. Find the equation of the radical axis and the length of the 
common chord of the circles 
e+yt+ar+by+c=0 and v2?+7?+br+ay+e=0. 
86. Circles are drawn through the point (c, 0) touching the circle 


a+y?=a*, Show that the locus of the pole of the axis of w with 
respect to these circles is the curve 


4a? (x —e)*=(a® —c?){a? —(c— 2x} y?, 


_ 87. Find the equation of the chord of contact of tangents to the 
circle z?+y¥?=r? from the point (A, £). 


If this chord subtends a right angle at the point (/’, ’), prove that 
W242 7% Opt 
hh! + kk! —7? p24 hk? 
88. Find the coordinates of the limiting points of the circles 
v+y?—20+8y+11=0 and a+y?+4e+2y+5=0. 
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89. Find the equation of the cireumcircle of the triangle formed 
by the pair of lines 22+ 2hx2y—y?=0 and the line y=ma +e. 

90. Find the equation of the pair of lines drawn (1) from the 
origin, (2) from the point (p, g) to the intersection of the line 
lz+my+n=0 with the line-pair 

ax + 2Qhay + by? +2gx+2fy+e=0. 


91. Prove that the circle which passes through the points (at,, a/¢,), 
(atz, 4/ty), (ats, a/tz) also passes through the point (a/t,fytz, atytots). 
92. Find the equation of the circle circumscribing the square, two 


of whose adjacent sides are the lines joining the origin to the points 
(a, 0), (0, a). What is the equation of the tangent at the origin ? 


93. Prove that the two circles, each of which passes through the 
two points (0, a), (0, —a@) and touches the straight line y=mx+e, will 
cut orthogonally if c?=a?(2+m?). 

94, Prove that the circle on the line joining the origin to the point 
(c*, 1/c*) as diameter passes through the point (1/c, ¢). 

95. Show that for a certain value of £ the equation 

(24 —y4+3)(~@—yt+2)+kGBc—y+2)(Bx—4y4+2)=0 
will represent a circle. Find the value ; find also the radius and the 
coordinates of the centre of the circle. 

96. The equations 

vt+yt+X(r—a)=0 and w#+7?+p(y—b)=0, 
where AX, p are parameters, represent two variable circles which touch 


one another ; show that the locus of the point of contact is a circle, 
and find its equation. 


97. The straight line joining the point (7, y,) to the point (7, 7) 
passes through the point (c, 0) and subtends a right angle at the 
origin. If one point moves on the circle 

v?+y7?+2qr=0, 
the other moves on the circle 
c(a? +4") +29 (a? +4? — cr) =0. 

98. Find the condition that the line zcosa+ysina—p=O should 
touch the circle #?+y?+2gv+2fy+c=0. ; 

Deduce the equation of the locus of the foot of the perpendicular 
from the origin on a variable tangent to the circle (called the pedal 
of the circle with respect to the origin). 

99. The polars of a point P with respect to two given circles meet 
in Q; show that the radical axis of the circles bisects PQ. 

100. Find the locus of a point such that the pair of lines joining 
it to the points (—a, 0), (a, 0) are harmonically conjugate with respect 
to the pair of lines joining it to the points (0, — 4), (0, 4). 
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MISCELLANEOUS EXAMPLES II. 


1. Prove that the origin lies outside the circle 
a+y?—3x02+2y+1=0. 
Find the equations to the two tangents from the origin to the circle. 


2. Two circles can be described to pass through the points (1, 2), 
(3, 4) and touch the line + 2y—1=0; find their equations. 


3. The three sides of a variable triangle pass through three fixed 
points; one vertex lies on the line ~=0, a second on the line y=0. 
Find the equation to the locus of the third. 


4, The-angular points of a quadrilateral taken in order are A, B, 
0, D. Points M, NV are taken in AB and CD respectively, such that 
AM:MB=CN: ND; prove that the sum of the areas VAB and MCD 
is constant. 


5. The straight lines joining a variable point P to two fixed points 
(v1, 1) and (xy, Y2) meet the axis of vin Mand N respectively. Find 
the equation to the locus of P if the ratio OM: ON is given, O being 
the origin. Show in what cases the locus breaks up into straight 
lines, and give the geometrical explanation in each case. 


6. Find the equations of the symmedians of the triangle whose 
vertices are the points (1, 0), (0, 2), (2, 4), and the coordinates of their 
point of intersection. 


7. ACE and BDF are two straight lines. Show that the inter- 
sections of 4B and DE, of BC and EF, of CD and FA, lie on a straight 
line, and find its equation referred to ACE, BDF' as axes. 


8. O is the origin, A a point whose coordinates are (2, 1), Ba 
point whose coordinates are (3, 2); find the coordinates of a point P, 
chosen so that the triangles OPA, APB may be directly similar, the 
coordinate axes being supposed rectangular. 


9. Show that the expression 


ope 23 \{ = gaa) (2 f-1) 
(Z+¢ i)(Z+¥ : oR , 


nO Bie, oat Dm, a 
(2 bs Ay _ b, As Fs by ) 


contains xy as a factor ; and hence prove that if 4,, A,, 4 are three 
points on the axis of w, and B,, B,, B, three points on the axis of y, 
then the three points of intersection of 4,B, with A,B,, A,B, with 
A,B,, and A,B, with A,B, lie on a straight line. 


10. The equation to a certain straight line referred to rectangular 


axes is Av+By+C=0; find its equation referred to the lines that 
trisect the angle between the axes. 
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_1l. Two circles of radii a and 6 touch the axis of y on opposite 
sides at the origin. The axes being rectangular, prove that the 
other two common tangents are given by 


(b—a)x+2Nab.y—2ab=0. 

12. Prove that any two perpendicular straight lines passing 
through the points (,, ¥;), (v2, 72) can be represented by the freedom 
equations eaede | y= 94M, 
and L=Kg t+, Y=Yo—Uldr, 
respectively. Hence find the equation to the locus of the intersection 
of the above pair of lines, and interpret your result. 


13. A and Bare points on the axes of x and y respectively, such 
that OA=a, OB=b, AB=c; prove that the equation to the line 
joining the middle point of AB to the centre of the circle inscribed 
in the triangle OAB is 

b(b+e-—a)x—a(c+a—b)y+ab(a—b)=0. 

14. Deduce the equation of the bisectors of the angles formed by 
the line-pair axz?+2hxy + by?=0 by expressing the conditions that the 
line-pair a@'z?+2h'xy+b'y?=0 should be (1) at right angles to each 
other, (2) harmonically conjugate with respect to the given line-pair. 


15. If (ABCD) and (AB’C’D’) are harmonic ranges, prove that BB’, 
CC’, DD are concurrent. 


16. Find the area of the triangle formed by the lines 
le+my=1, ax®+2hxy+by?=0. 

17. Find the area of the triangle formed by the lines 
Y=M42, Y= Mx, ax+by+c=0. 


18, Find the equation of the straight line drawn in a given 
direction through the point of intersection of two given straight lines. 
Show that the coordinates of the orthocentre of the triangle formed 


by the lines gy 4by+c=0, ba+cy+a=0, cutayt+b=0 


are given by 
klmna=abl+bem+can, klmany=cal +abm+ ben, 


where l1/k=bc+catab, l=a?—be, m=b?-ca, n=c*—ab. 
19. Draw the curve (#+y—1)=2(e-1)(y—1), 
and show how it is related to the lines 
a+y-1=0, #-1=0, y-1=0. 
20. The equations of the sides of a triangle are 
atly-P=0, stmy—-—m?=0, xt+ny—n?=0; 
find the coordinates of the orthocentre. 
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21.~ Prove that ap — 3a*2y = ka — 3xvy"), 
where & is a parameter, represents any three equally inclined lines 
through the origin. 
22. Prove that the coordinates of the in-centre of the triangle of 
sides a, 6, c, whose opposite vertices are (21, ¥1), (#2 V2), (#3 Y3), are 
ax +biry+crs ay tbyrt cys 
atb+e * atbt+e — 


23. If aa®+2%hay+by?+2qr+2fy+c=0 represents two straight 
lines, the equation may be written in any of the following forms : 


(1) (42—ab)(ax+hy+g) —{(? —ab)y+gh—af}P=0, 
(2) (A? —ab)(hi+ by +f)? —{(h? — ab)a+hf— bg? =0, 
(3) (y?—ac)(getfy+eP—i(g?—ac)a+(Yg—ch)yP=0. 


24. If axv®+2hry+by?+2gx+2fy+e=0 represents two straight 
lines, the lines are harmonically conjugate with respect to each of the 
following pairs of lines : 


(1) awthy+g=0, (d?-ab)y+gh—af=0; 
(2) ha+by+f=0, (h?-ab)x+hf—bg=0 ; 
(3) gatfyte=0, (g’?—ac)x+(fg—ch)y=0. 
25. If (, y,) is the point of intersection of the line-pair 
aa" + 2hay + by? + 29x +2fy+c=0, 
: he- —be _bg—fh 
prove that Ce a ee ee 
he-—gf _g?-ca _af—gh 
\~bg—fh af—gh h®—ab 
26. Prove that the equation 
ax + 2hay + by? + 2qx +2fy+e=0 


represents a pair of parallel straight lines if 2°=ab and af=gh; 
and conversely, provided a=|=0. 


27. Prove that 
(ax + by —1)(aw+ By —1)+kxy=0 


represents two straight lines if 4=(a—a)(b—); and find the co- 
ordinates of their point of intersection. 


28, If an + 2hay + by* + 2gx + 2fy+ce=0 
and a’ + Qh'ny + b'y? + 29'x + 2f'y +c =0 


both represent line-pairs, prove that they will represent the same 
line-pair in two different positions, provided 


(12. ~ ab) (a’2-+ 2) —(h!2— a'b!)(a2-+ b2) + 2h2a'b! ~ 2h’2ab=0. 


oe 
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29. O being the origin of rectangular axes, prove that if pa+qy+r=0 
cut a+ 2hry+by?=0 in P and Q, then 


OP. og="Ni(a- b+ 4h?} 


30. A straight line AB of constant length has its extremities on 
two fixed straight lines OX, OY. Show that the locus of the ortho- 
centre of triangle OAB is a circle. 


31, Find the area of the quadrilateral bounded by the pairs of 
straight lines given by the equations ; 
47° —3xy —y? —24+ Ty -—6=0, 
a+ bay — 4y?+ 7x —27y —44=0. 
32. Show that the equation of the circle circumscribing the triangle 
formed by the lines 
ax*+2hay+by?=0 and px+qy—1=0 
is (a? +y")(aq? —2hpq + bp”) +{2hq +p(a-—b)}x+{2hp—q(a—b)y=0. 
33. Investigate the equation to the polar of (w’, y’) with respect 
to the circle w+92+4Ige-+¢e=0, 
and show that, if g be a variable parameter and (v’, ’) a fixed point, 
then the polars of (w’, y’) with respect to the circles will pass through 
a fixed point lying on a circle through (wv, 7’) and the limiting points 
of the circles. 
34, Prove that 
(a+2h+b)x?+2(a—b)ay+(a—2h+b)y?=0 
denotes a pair of straight lines each inclined at an angle of 45° to one 
or other of the lines given by 
ax® + 2hay + by?=0. 

35. Find the equations of the three radical axes of the circles 
(w—aP+(y-bP=B, (w- DE +(y-a)=a’, 
(e-a-—b—cP+y7=ab+ec, 
and prove that they are concurrent. Find also the equation of the 

circle which cuts the three circles orthogonally. 

36. Show that the equation 

(ab —h?)(aax®+ 2hay + by? + 29x + 2fy) + af? + bg? — 2fgh=0 
represents a pair of straight lines ; and that these straight lines form 
a rhombus with the lines av +2hay+by?=0, provided that 
(a-b)fgth(f?—g")=0. 

37. Find the equation of the circle which has for its diameter the 
chord cut off on the straight line av+by+e=0 by the circle 
(a2 + b?) (a? +4") = 2c. 
G.A.G. M 
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38. If the sides of a parallelogram be parallel to the lines 
aa? + 2hay + by? =0, 
and one diagonal be parallel to 
lx+my+n=0, 
show that the other diagonal is parallel to the line 
y (bl —hm) = «(am — hl). 
39. Show that the two lines given by 
a(a?+y?)=(le-+my)? 


contain an angle 2sin™ , and that 7x+my=0 bisects one of 


oi 
+m 
the angles between the lines. 

40. Show that the lines joining the origin to the intersections of 

3x°+ 5xey —38y7+27+3y=0 and 3x%-2y=1 
are at right angles. 

41, The diagonals of a quadrilateral figure are represented by the 
equations v=c, y=c anda pair of opposite sides by ax?+by?=0. Show 
that the other two sides intersect at the point {2cb/(6—a), 2ca/(a—)}, 
and that they are parallel to the lines 

(ax + by)?+ab(e+y)=0. 

42. Find the condition that the straight line /v+my+n=0 should 
touch the circle (v7— a)?+(y—6)? =r". 

Prove that the equations of the common tangents to the circle 


a? +y?=289 and the circle whose diameter is the chord of the first 
circle made by the line #cosa+ysina=15 are 


3(v cos w+y sin x) + 4(y cos H— x sin H)=85. 

43. Prove that if the circle #?+y?+2gqa+2fy+c=0 intercepts on 
the line lv+my=1 a length which subtends a right angle at the origin, 
then e(2 +m?) +2(gl+fm+1)=0. 

44, Find the equation to the line bisecting the acute angle between 
the lines joining the point (J, 1) to the points (1, 4) and (2, 3). 

45. The points A, B, C are inverted into the points 4’, B’, C’ with 
respect to a circle of radius unity whose centre is the origin. If the 
coordinates of A, B, Care (6, 8), (8, 4) and (—3, 4), then 

A A'B'C'/ A ABC=1/1250. 
46. Show that the straight line through (2,, y,;) and the inter- 
section of the lines d2+By+C=0 and A’x+ By +C’=0 is given by 
Ar+By+C — A’e+Byt+C 
Ax,+By+C A’v,+By,+ C0” 
and deduce the equation of the parallel through (a, y;) to 
Aw + By+0=0, . 
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47. Find the gradient of the line r=a+0t, y=c+dt by considering 
the gradient of the line joining the origin to the point at infinity on 
the given line. 


48. The line /x+my+n=0 bisects an angle between a pair of lines 

of which one is pr+gy+r=0; show that the other is 
(pet+qy+r)(? +m?) —2(lp + mq)(la+my+n)=0. 

49. Show that the limiting points of the circle 2?+y?=a? and an 

equal circle with centre on the line /z+my=n lie on the curve 
(la+my) (2? +y?+ a?) =n (22 +y?). 

50. If Sea? +7?+2gr4+2fy+e=0 
and S=27 +7? +2q'2+2f'yt+¢=0 
are two circles of a coaxal system, show that the two point circles 
(or limiting points) of the system are given by the equation 

S*(f2+g? =e) S88 (2ff' +299’ —c-c) +8 P+g2— 0) =0. 

51. If OM, ON are the abscissa and ordinate of a point P with 
respect to rectangular axes X’OX, Y’OY, find the locus of P if 
1/OM—-1/ON=1. 

52. A locus is determined by the condition that the sum of the 
squares of the distances of any point P on it from two fixed points 
A and B is equal to the square of the distance of P from a straight 
line perpendicular to AB. Show that the equation to the locus can 
be put in the form (#—a@)?+27?=6, 

53. Two points P and @ start from the same point A on the cir- 
cumference of a circle and move along the circumference, Y moving 
twice as fast as P. Find a constraint equation for the locus of the 
intersection of the tangents at P and Q, and give a rough tracing of 
the locus. 

54, OX, OY are rectangular axes and U, V fixed points whose 
coordinates are (p, g) and (7, s) respectively. A and B are points on 
the axes OX, OY respectively, and AU and BV meet in P. If the 
area of the quadrilateral OAPB be constant, prove that the locus of P 
is a cubic curve which passes through the points (p, ¢), (7, 8) (7, ¢)- 


55. A circle is described on OA as diameter, where O is the origin 
and A the point (2a, 0). P is a variable point on this circle and UP 
is produced, either way, to Q so that PY=b; find the equation of 
the locus of @. The locus is called a limacon. 


56. A and B are fixed points on the axes of w and y, such that 
OA=a, OB=b. Pis a movable point and BP and AP meet the axes 
of x and yin Cand D. If the sum of the areas APC and BPD be 
constant and equal to c®, find the equation to the locus of P. 

57. A and B are fixed points on the axes of « and y respectively, 


such that OA=a, OB=b; A’ and B’ in like manner two other fixed 
points on the axes, such that OA’=a’, OB’=b'. A movable straight 
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line parallel to A’B’ meets the axes of # and y in A” and B’ respec- 
tively. Prove that the locus of the intersection of A”B and AB" isa 
curve of the second degree which passes through O, A, B. What 
peculiarity arises when AZ and A’Z’ are parallel ? 


58. A and B are variable points on the axes of v and y respectively, 
the abscissa of A being p and the ordinate of B being qg, such that 
p+q=4a, a constant. A variable-point P equidistant from A and B 
moves so that the area OAPB=c?, a constant; find the equation 
of the locus of P. 


59. A circle of radius a, whose centre is the origin, meets the axis 
of y in C. @ is a variable point on the circle, and OY meets the 
tangent at Cin 7. JM is the projection of @ on the axis of v, and MQ 
is produced to P so that MP=CT; find the equation of the locus 
of P, and roughly trace the locus. 


60. OX, OY are fixed axes inclined at any angle; A and B are 
fixed points on OX and OY respectively, such that OA=a, OB=6. 
R is a point whose coordinates are (&, 7), BR and AR meet OX and 
OY in P and @Q respectively; find the equation to the straight 
line PQ, and show that if PY moves so that OP =OQ, then the locus 
of & is a curve of the second degree which passes through 0, A, B. 


61. The vertex A of a triangle ABC is fixed, B moves on a fixed 
circle to which BC is a tangent and CA=CB ; find the locus of C. 


62. A is the point (a, 0), Y is a variable point on the circle centre 
(0, a/2), and radius a/2, whose abscissa and ordinate are ON, VQ. 
AQ meets the y-axis in f?. If P is the point whose abscissa and 
ordinate are ON, OR, prove that the locus of P is 

xy? — Qaxy? + a?y? + aay + ax? — ay =0. 
Sketch the locus. 


63. O is the origin, A is the point (a, 0) and B the point (4, 0), 
(b<a); MQ is a variable ordinate of the circle on OA as diameter. 
If BP parallel to OQ meets MQ in P, sketch the locus of P, and 
prove that the equation of the locus is 


ay? +203 —(2b+ a) a? + (b?+ 2ab)e — ab?=0. 

64. @Q is a variable point on the line y=a which meets the y-axis 
at Ad. If O is the origin and on the line 0@ are cut off QP, QP’ equal 
to 4@, sketch the locus of P, P’, and prove that the equation of the 
locus is y —2ayp? + ay +. 22y —2ax*=0. 

If A is the origin, what does the equation become ? 


65. C is the point (0, a); with centre C a circle is described to pass 
through the origin 0. The ordinate through J, a variable point on 
the x-axis, meets the circle in @. If P is a point on the ordinate VQ 
such that VP is a mean proportional between ON and VQ, sketch the 
locus of P, and prove that the equation of the locus is 


a+ yt =Qany*. 
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66. A is the point (a, 0) and OC is a variable radius of the circle 
centre O, the origin, and radius a. B is a point on the circumference 
such that AC = BO, and from OC is cut off OP equal to the ordinate 
of B; sketch the locus of P, and prove that the equation of the 


locus is (27-9? P = 4ataty? 


67. O is the origin of rectangular axes and C is the point (a, —a). 
The circle centre C, radius CO, is described, and ON, VQ are the 
abscissa and ordinate of a variable point Q on it. -If P is a point 
on VQ such that VP?=ON. VQ, sketch the locus of P, and prove that 
the equation of the locus is 


w+y'=2ax(x?—y?). 

68. O is the origin and C is the point (—a, 0); the circle centre C, 
radius CO, is described. An equal circle rolls on. this circle ; sketch 
the locus of the point which is initially at O, and prove that the 
equation of the locus is 

a+ Quy? +y' + 4ay*x + 4ax? = 4077. 
69. A variable ordinate meets the circles 
(w@—2a)+72=4a? and («#—4a)?+y?=16a? 
at @ and &. Sketch the locus of the middle point of QA, and prove 
that the equation of the locus is 
fp +a —bary? + a*x?=0. 


70. O is the origin; B, C are the points (6, 0), (c, 0) respectively. 
ON, N@Q are the abscissa and ordinate of a variable point @ on the 
circle described on OB as diameter, and the parallel to O@ through 
C meets VQ in P; sketch the locus of P, and prove that the equation 
of the locus is 

ay? + v3 —(b+ 2c) x? + (c? + 2be) a — be? =0. 


Examine the case when c=0. 


[CH. X. 


CHAPTER X. 


THE CONVERSE PROBLEM. GRAPHS OF EQUATIONS. 
POLYNOMIALS. 


76. The Converse Problem. It has been shown how a 
specified locus or curve may be represented by an equation ; 
the converse problem is to represent a given equation by 
its graph and to find the properties of the graph from the 
equation. Some cases have been already dealt with. Thus 
we can draw the graph of any equation of the forms 


ag by -be= 0) ck eee (1) 

aa? + ay? + 2gx+2fytcHO0, ...ececeeee es (2) 

and we can find properties of the graphs by discussing 
the equations. 

For example, the equation #?+y?—6r=0 represents a circle of 
radius 3, with its centre at the point (3, 0); the y-axis is a tangent 
to the circle, the origin being the point of contact ; other tangents 
are at once seen to be y= +3, y= —3, 2=6, and so on. 

In Chapter IX. some other curves were considered, their 
equations being found and some properties stated. We 
now go on to discuss more fully the drawing of curves 
from their equations; at every step the student will have 
to remember that a point lies on the graph of a given 
equation if and only if the coordinates of the point satisfy 
the given equation. 


77. Plotting by Points. The most straightforward way 
of obtaining the graph of a given equation is to calculate 
the coordinates of a number of points, plot the points and. 
draw a curve through them. The chief rule to be observed 
is, that the points obtained must be close enough together 
to enable us to be sure that we have found the general 
trend of the curve; as we proceed we shall find means of 
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reducing the necessary number of calculations. The student 
has doubtless had some previous practice in plotting simple 
curves from their equations, and we shall here only refer 
to one or two important types. 

Fig. 67 is the graph of y=a? from w= —2 to 7=2. 


| i 1 ial | 


2 1 re) IKE OHTY 


Fic. 67. 


_ The diagram from which the figure is reproduced was 
drawn to a scale, “1 inch=1,” for both axes, and therefore 
shows only a small portion of the curve. As # increases 
beyond 2, the value of y grows very rapidly, and the curve 
rises rapidly; to show the curve for such values of y, we 
must choose a small unit for the y-axis. 

In order to have clear notions of the way in which y 
varies as @ varies, it is well to take the difference between 
successive values of # to be small, say 0:1, as shown in the 
following table: 


x | 0 | +01 | +02 na ell | +11 | +12 hey 42 


y | 0 | 0-01 | 004 ia 1 | 121 | 144 ee 4 
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The student should complete the table; it will be seen 
that when « increases by small amounts y also increases 
by small amounts, so that the curve is bound to be a 
continuous, unbroken line. 

The curve is symmetrical about OY because, if a is any 
number, the y of the point whose « is —a@ is the same as 
the y of the point whose # is +a; in other words, OY 
bisects all chords that are parallel to X’OX. 

As a point moves along the curve from any position on 
the left of OY to any position on the right, the ordinate 


of the point decreases till the point reaches O, and then 
increases. The point O is therefore called a turning point 
of the graph; the value of the ordinate at the turning 
point—in this case, zero—is called a turning value of the 
ordinate. 

The -axis is a tangent to the curve at 0. 

The curve is a parabola (§ 70). 

Fig. 68 is the graph of y=a? from w= —13 to w=1°3: 
for larger values of « the values of y soon become large, 
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and the curve rises very steeply on the right and descends 
very steeply on the left. The curve has no turning point. 

In this case the origin is a centre of symmetry ; if any 
point P on the curve is joined to O and the joining line 
produced till it cuts the curve again at P’, then OP’= PO. 
It is easy to see that if P is the point (a, a), then P’ is the 
point (—a, —a?), 

Again, the a-axis is a tangent to the curve at O, but to 
the right of O the curve lies above the tangent, while 
to the left of O it lies below. A point such as O, where a 
curve crosses its tangent and bends away from it in opposite 
directions on opposite sides of the point, is called a Point of 
Infiexion ; the tangent at the point is called an Inflexional 
Tangent. 

For positive values of x (along OP), the curve is said to 
be concave upwards; for negative values of w (along OP’), 
the curve is said to be convex upwards. 

The graph of y=«a* resembles that of y=a?; near the 
origin it lies closer to the #-axis, it crosses that of y=a? 
at the points (1, 1) and (—1, 1), and then rises more rapidly. 

The graph of y=«a* resembles that of y=a*; near the 
origin it lies closer to the z-axis, it crosses that of y=a? at 
' the points (1, 1) and (—1, —1), and then rises more rapidly 
on the right and descends more rapidly on the left. 

In order to appreciate the differences in the behaviour of 
these curves, the student should draw on the same diagram 
the graphs of y=a” for n=2, 3, 4, 5 from «=0 to v=12, 
taking 1 inch as unit length for both axes. He should 
also draw the graphs of the same equations from 7=1 to 
x=2; in this case the unit length for the y-axis must be 
small, say 02 inch, the unit length for the w-axis being 
still 1 inch. 


78. The Graph of y=ax". If a@ is positive, the graph of 
y =ax" is obtained from that of y=" by multiplying each 
ordinate of the latter curve by a; if a=2 we double each 
ordinate, if a=4 we halve each ordinate, and so on. The 
graph is thus of the same general character as that of y=«"; 
it lies, if « > 0, above the latter when a > 1, below when 


Ox uh 
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If a is negative, say a= —c, where c is positive, the graph 
of y=ax", that is, of y= —cx”, is the reflexion in the v-axis 
of the graph of y=cw”; or, if we produce each ordinate of 
y =cx” its own length, downwards when the ordinate is 
positive, but upwards when the ordinate is negative, the 
ends of these ordinates willblie on the graph of y= —ca”. 

The important thing to note is that when a is positive 
the curves have the forms shown in Fig. 69 (a), (6), and 
that when a is negative, they have the forms shown in 


Fig. 69 (c), (d). 


Yi -«@ 
Fic. 69. 


It is possible, by a mere change of scale, to interpret the 
graph of y=a" as being the graph of y=aa”. For example, 
the graph of y=a* (Fig. 67) may be read as the graph of 
y = 10x" if the segment OV, which is unit segment for the 
graph of y=«*, be taken as representing 10 units; in other 
words, let the unit segment of the y-axis be 31, of the 
old unit segment, and the curve will become the graph of 
y=10a°. Similarly, Fig. 68 will be the graph of y=4a° if 
OV=3$, that is, if the new unit segment of the y-axis be 
double the old unit segment. 


These graphs are usually called parabolic curves of order 7. 


79. The Graph of y>=x. If we interchange w and y, the 
equation y=«”" becomes y”"=x. The graph of y"=a is 
therefore the same curve as the graph of y=”, but the 
axes do not occupy the usual positions; in place of 
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X, Y, X’, Y’, we must write Y, X, Y’, X’. It will be an 
interesting exercise for the student to show that, when the 
scale units for the z-axis and the y-axis are the same, the 
graph of y”=« is the reflexion of the graph of y=” in 
the bisector of the angles XOY, X’OY’; in this case we 
keep the old axes and draw a new curve. 

When 7 is a positive integer the y-axis is a tangent at O 
to the graph of y”=za. 

The graph of y"=aa is of the same general character as 
that of y”=a. 

The student should work several of the following 
examples in order to become quite familiar with the 
curves ; it will be sufficient in most cases to get the general 
shape correctly. He should, however, try to find the 
position of the turning points as accurately as possible. 
The transformations of Example 5 should be noted. 


EXERCISES XX. 


1. Trace, from += —2 to c=2, the graphs of 
(i) y=-2*; (ii) y=—2*; (iii) y= —a45 (iv) y= — 0. 

2. Trace the graph of y=2z? from w= —2 to r=2; take the scale 
unit of the z-axis to be 1 inch, that of the y-axis to be 4 inch, and 
compare with Fig. 67. 

3. The same as Example 2 for y=2x*, comparing the result with 
Fig. 68. 

4, Trace, from 7= —2 to v=2, the graphs of 

Gi) y= =32"; (i) y=—327; (i) y= —3a*5 (iv): y= — 3a", 

How could these graphs be obtained from those of Example 1 ? 

5. If in Fig. 67 the line through (0, —1), parallel to X’OX, be 
chosen as a new z-axis, what will be the equation of the graph? 
What will be the equation if the new z-axis is 1 unit above the old 
a-axis? What will be the equation if the new z-axis is the line 
through (0, 6) parallel to the old z-axis ? 

6. Sketch roughly for values of 7 between —2 and 2 the graphs of 
the following equations: 


(i) y=202+1; (ii) y=2r2-1; (iii) y= 45; 
(iv) y=22?-5; (v) y=—2079+1; (vi) y= — 227-1; 
(vii) y=—207+5; (viii) y=—207-5; (ix) y= 22°; 

(x) y=227 +3; (ai) 7=22° —3,; (xii) y= — 22°; 


(xiii) y=—-207+3; (xiv) y= — 223-3. 
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7. Graph the following equations : 


(i) Y= ENE; (ii) y=Yr 5 (iii) y= — Ax ; 
(iv) Y=-2; (v) P=xt+4; (vi) y= +/(9-2). 


80. Solution of Equations. Graphs are often useful for 
obtaining approximations to the roots of equations, and we 
shall take one or two examples. 


Ex. 1. Find to 2 decimal places the roots of the equation 


BAe BHO! roan e-nseee epee tan aeeeraen (1) 
Write the equation in the form 
Piece Os re oe he Wa ir ere SON SS ech ca It (2) 


and consider the graphs of 
Je ictons (i) Y=O82 +14, oo... (ii) 
The graphs of (i) and (ii) are the curved line and the straight line 
of Fig. 67, which intersect at the points A and B. Now, the point 4 


is on the graph of (i), and therefore, denoting by v4, y« the coordinates 
of A, we have Yya=ue. 


But 4 lies also on the graph of (ii), and therefore 
YA =0°8r4 +1°4. 
Hence v427=0°87r,+1°4; : 
in words, #4 is a root of equation (2), and therefore also of equation (1). 
In the same way we see that 2, is a root of equation (1). 
The values of x, and x, can be read off the figure, the accuracy of 
these values being determined partly by the care with which the 


graphs are drawn and partly by the scale of the graphs. We can 
read with fair accuracy to 2 decimals, and thus get 


4=165, «p= —0°85. 
These roots can of course be obtained more accurately by solving 


equation (1) algebraically ; we are, however, concerned chiefly with a 
method which can be applied generally. 


Ex. 2. Find to 2 decimals the roots of the equation 


Loa® = 67 —1O RO. extinct ga acaahhn enone (1) 
Write the equation in the form 
B= Sy + YO =0°4624-0°77, cccscevceeencsesnesnoses (2) 
and consider the graphs of 
YH, canace (i) ¥=0462+0°77, 00... (ii) 


which are given in Fig. 68. These intersect only at the point 4, and 
we have YA =e Ya= 0:46.24 +0°77, 
and therefore ¢42=0°4624+0°77, 


so that wv, is a root of equation (2), and therefore also of equation (1). 
The value of xz, is 1:08 to 2 decimal places. 
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For equations of the form az”+ba+c=0 this method of 
solution is very convenient because the graph of x” can be 
drawn with considerable acctiracy by merely plotting a 
sufficient number of points. When the parts of the curve 
where the straight line intersects it have been approxi- 
mately found by means of a rough sketch of curve and line, 
it is advisable to plot the curve carefully in the neighbour- 
hood of the points of intersection; this can be done by 
finding two or three points in these neighbourhoods. So 
far as the solution of the equation is concerned, these 
neighbourhoods are the only parts of the curve wanted. 


Ex. 3. Solve graphically to 2 decimal places the equation 
Bet dim Nuleoa ale clacins Poet oiectew ones aeasceee (1) 


We take this example merely to illustrate another method. First 
draw the graph of the equation 


Ym Deas Beso Uacaise an ats eeeltna ec sels as (2) 
This equation is of such a simple kind that we can graph it fairly 
accurately by plotting points; we take the range of » from #=—1 


to z=3 and draw up the following table : 


2 -1 |-0'8 '-06 |= 0-4 |-02 | o| 02 | 0-4 | 06 | 08 | 1 


y | 2 | 1-24 = |- 1-36] ~ 1-64 


- 1:84|-1-96|-2 


0°56 | = 0°04 | - 0:56 


x | 12 | 1-4 | 16 | 18 | 2 | 22| 24/26 | 2: 


8 | 3 
y |- 1-96] -1-84|~ 1-64] ~ 1-36) i 0:56 | - 0-04 0:56 1-24 | 2 


We have calculated a large number of values because we are going 
to use the curve to solve several equations, and we must make certain 
that the curve is fairly accurate for the complete range chosen. If we 
wanted to find merely the general character of the curve, such a large 
number of points would not be required; even for the solution of 
equations we only need the parts of the curve near the points where 
it is met by other curves, and careful plotting near these points is in 
most cases quite sufficient. ; ; 

Plot these points, taking each scale unit to be 1 inch, and draw a 
smooth curve through them (Fig. 70). The point (1, — 2) is the turning 

oint. 
Now, if P is any point on the graph, we have 


ADE Db USER am. aged naisclati dae (3) 


190 ANALYTICAL GEOMETRY. [CH. X. 


To solve equation (1) we have only to find those points on the graph 
of (2) for which the y is zero; A and B are the points, and therefore 


0O=242— 274-15 O=a792— 2x4, -1. 
The roots of (1) are thus 


Again, to solve the equation «?—2x”—2=0, write it in the form 
l=2?-22-1. 


In equation (3) we must now have yp=1. The two points on the 
curve for which the y is 1 are C and D, and therefore the required 


ehonr ars ao=273 and «p= —073. 
Ex. 4. Use Fig. 70 to find to 2 decimals the roots of the following 
equations, and verify your results by algebraical solution : 
(i) w2-2¢%-25=0; (ii) w2-27-3=0; (iii) 2a?—4v-3=0; 
(iv) 2a?—4%-5=0; (v) 3x2-6x-8=0; (vi) 52?—107-14=0. 
Ex. 5. Solve graphically the simultaneous equations 
G= t= T= eae: (i), 2¢—65y=6 c.ccssceees (ii). 


On the diagram (Fig. 70) that contains the graph of equation (i), 
draw, with the same scale units, the straight line HF which is the 
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graph of equation (ii). Now if P is any point on the graph of (i) and 
@ any point on the graph of (ii), we have ; 
Yp=Lp*—2xp—, 229 —5yq=6. 
These two equations will be simultaneous if the points P and Q 
coincide ; but the straight line intersects the curved line at # and F, 
and therefore Ye=Cf—Qrz—1, Wwryz—5yz=6. 


_ Therefore xz, yz is one pair of solutions of equations (i) and (ii) ; 
similarly vp, yr is the other pair. Reading off the values of these 
coordinates, we find that the solutions are 


«2=0°09, y=-117 and #r=2°31, y= —0-27. 

Ex. 6. Solve graphically the simultaneous equations 

ON yo —2a— lr oy (ii) y=a?-2e-1, 27+6y=5 ; 
(iii) y=a?—-Q227—-1, Q2e-y=5; (iv) y=a*-Qe-1, 2+y+2=0. 
Ex. 7. Solve graphically the equations 

(i) #2—5z—-1=0; (ii) #°+57-—4=0; (ii) #4-—7#—-5=0; 
(iv) 2%°-7z+3=0; (v) 8234+15r%—30=0; (vi) 5z*—274—-10=0. 
Ex. 8. Solve graphically the simultaneous equations 

(i) 2+y?-24=3, y=u?; (ii) a? +4? —44-2y=20, oy? =4a. 
Ex. 9. Apply Example 8 to solve the equations 
(i) #4+27-27=8; (ii) (a — 20)? =16z. 


81. Function of x. The graph of the equation 
y= 1? —20—-1 


is often called the graph of the function #—2v¢—1. In 
calling (w?—2¢%—1) a function of « we simply mean that 
(a?—2x—1) depends for its value on the value of a, and 
varies when @ varies. This variation is exhibited to the 
eye in the graph of Fig. 70. For example, we can say at 
once that (~?—2a—1) is negative so long as w lies between 
—()'41 and 2°41, that it is positive so long as @ is outside 
these limits, that it vanishes when #=—041 and when 
¢2=2°41, that it reaches its least value, namely —2, when 
e=1, that its value is —0°8 when #=2'1, and so on 

If y then stands for (a?—2xe—1) or if y=a?—2e—1, 
y is called a function of «; # and y are called variables. 
Here the variable y depends for its value on the value of 
the variable «; « is therefore called the independent variable 
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and_y the dependent variable. Sometimes the independent 
variable « is called the argument of the function y. 

The student will readily recall examples of two variables 
which are connected as independent and dependent. Thus 
the space described by a falling body is a variable, the 
time of falling is a variable, and the space described varies 
with the time of falling; we say the space described is a 
function of the time of falling, and this dependence is 
expressed by the equation s=}gf?, Again the volume of 
a sphere varies when its radius varies; the volume is a 
function of the radius. What function is the volume V of 
the radius r? It is the function 477°, and we write 
V=sor 

In these examples the independent variables are ¢ 
and r, the dependent s and V respectively. We might 
ask, how does the time of fall vary with the distance 
fallen? The answer would be expressed in the equation 


t=,/(@). In this case ¢ depends for its value on the 


value of s; ¢ is now the dependent and s the independent 
variable. That variable whose values are the objects of 
inquiry or calculation is called the dependent variable, the 
other being the independent variable. 

We have then the following definition : 


Definition. If two variables denoted by x and y are such 
that y varies in value when x varies in value, and if, when 
a value is assigned to x, the corresponding value of y can be 
determined, we say that y is a function of x. 

The notation f(#) is used to indicate a function of 2, 
so that when y is a function of « we write y=/(«). The 
letter f is a functional symbol, not a multiplier, and the 
symbol /(v) must be taken as @ whole. Other letters than 
ff: may be used, as g(a), F(x), o(@), ..., and when different 
functions occur in the same problem different letters must 
be used. 

The symbol f(a) means “the value of the function f(x) 
when « has the value a” or “the value of the function f(2) 
when a is put in place of x.” Thus if f(#)=a?—2a—1, 


fla)=@—2a-1; f(3)=2; f(0)=—-1, f(—1)=2. 
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We have noted above that the equation s=}gt? not only 
determines s when ¢ is given, but also determines ¢ when's is 
given. In general, the equation y=f(x) not only deter- 
mines y when « is given, but determines « when y is given; 
if the equation were solved for ~ in terms of y, we should 
find © = expression containing y= Fy), say. 

In other words, an equation containing # and y enables 
us either to express y in terms of w or to express @ in 
terms of y; an equation in w and y is therefore said to 
define two functions that are said to be inverse to each 
other. 

For example, the equation y=? gives, when solved for 
a, the equation w=./y; it therefore defines the two 
functions, the cube of a variable and the cube root of a 
variable. 

The following examples illustrate one or two. technical 
terms. 


Ex. 1. The equation 37y—4v%—5y+7=0 defines two functions ; 
state the functions explicitly. 
Solving the equation for y in terms of «, we find 


4¢—7 : 
a roan Saf (Uaioe denen qdeste ge sacs nao seue (i) 


We have now expressed y explicitly as a function of v. If we solve 
for x in terms of y, we get 


and we have now expressed explicitly as a function of y. In (i) the 
independent variable is v, while in (ii) the independent variable is y ; 
the two functions f(x), /(y) ave inverse functions. 


Ex. 2. The equation z?—2v7y+1=0 defines two functions; state . 


the functions explicitly. 
_ Solving the equation for y in terms of «, we find 


w+ ; < 
; Tae tore sek: ie oon (i) 

~ Solve the equation for w in terms of y, and we now get 
e=ytN(y2=-1) or t=y—/ (CY? - 1). cceeeeseceee ar-(li) 


In this case, to each value of y (when y’? is not less than 1) correspond 
two values of w; the function x defined by the given equation 1s 


G.A.G. N 
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therefore said to be a two-valued function of y. The two sets of 
values of « belong, in the graphical representation, to two different 
parts of the one curve. For example, if we take the equation y=2” 
and solve for x, we find z=+./y or «= —./y, and w is a two-valued 
function of y. The equation z=+.,/y is represented by the curve OA 
to the right of the y-axis, and the equation e=—,/y by the curve OB 
to the left of the y-axis in Fig. 67, p. 183. 

The given equation is said to-define the functions implicitly ; when 
it is solved and expressed as in (i) and (ii) the functions are defined 
explicitly. 


Ex. 3. If y is the variable ordinate of a point @ which lies on the 
line joining the points A (0, 6) and B (3, 0), and if the line joining Q 
and the point C(0, 5) meets the x-axis in P so that the area of the 
triangle OPQ is a function f(y) of y, prove that 


ty)= 5y(y—6) 


4(y—5)° 
Since Q lies on the line AB, we have 
2X9 +yq=6. er eeeccceenececccceee sothadbesaedded I) 
The equation of CQ is 
i Sars 5 _¥e —5 se 
fo ere (ii) 


Now P lies on CQ and yp=0; therefore, by (ii) and (i), 


—5ire_5(yo-6) +. 
PeDy few T (ROS Cae alec (iii) 


p= 


Hence, from (iii), 


5 —6 
A OPQ=3 (rife — Leyr) = Anne om 
Dropping the suffix, we have : 
5y(y—6) 
f= "ty. 


EXERCISES XXI. 


1, AB is a straight line bisected at C. On AC, CB, AB are 
described semicircles all on the same side of AB. Let a circle, 
radius y, be described to touch the three semicircles. If AQ'=a2, 
y=f(x). Prove that f(w)=2/3. 

2. A is the fixed point (a, 0), referred to rectangular axes, origin O. 
The fixed circle, centre A, radius a, is described. A variable circle, 
radius y, is described in the quadrant YOY, to touch the fixed circle 
externally and to touch OX at P. If OP=x,y=f(x). Prove that 

__ «(av —2a) 
oh Seah 
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3. ABC is a fixed triangle; P is a variable point in AB. PD, 
PE parallel to CA, CB respectively meet these sides in E, D 
respectively. If AP=z, PD. PE=f(«), PD/PE=F(2). Prove that 


fo)= 


where a, 6, ¢ are the sides of the triangle. 


4, The diameter of a fixed circle is d. If y=/(x), where x is the 
length of a variable chord and y the perpendicular distance of the 
chord from the centre, prove that f(v)=,/(d? — 2°). 


5. A is the point (0, 2) referred to rectangular axes, origin O, and 
the circle on OA as diameter is described, the centre being B. Pis 
the variable point (v, 0). The tangent from P to the circle meets the 
line y=2in Y. If ’Q=f(z) prove that f(v7)=x+1/z. 

6. The readings on two thermometers, one Centigrade, the other 
Fahrenheit, immersed in a basin of water of uniform temperature, 
are y, x respectively. If y=/f(x) prove that f(7)=3 (#—32). 

7. AB is the diameter of a fixed semicircle. -P is a variable point 
in AB, and semicircles are described on AP, PB to lie within the 
fixed semicircle. A variable circle, radius y, touches the three 


semicircles; if AP=z, y=f(v). Prove that f(x EOP) 5 
where AB=a. hee ) 2(a?— ax +2") 


8. A, B, C, D are the vertices in order of a quadrilateral, where 
AB=CD=a, a constant, AC=BD=6b, a constant. If BC=x«£ and 
AD=y, then vis a function of x, say f(x). Prove that {(v)=(6?— a”)/x. 


aba(e—x : b(e-— a 
eee) and F@y =", 


82. Rough Form of aGraph. Polynomials. When we only 
wish to discuss the variation of a function in its leading 
features, it is desirable to be able to determine the shape 
of the graph rapidly. It is easy in certain cases to draw 
quickly the rough form of the graph; the following 
examples explain the method. 

I. y=(x—1)(x—2). ~ 

(1) Note the zeros of the function (w—1)(a—2). 

(a) When w=1, y=0. Mark A on the diagram 
(Fig. 71). 

When « is a little less than 1, the factor (#—1) 
is small, and therefore (c—1)(#—2) is small and 
has the sign (— )(—) or, on the whole,(+). Mark 
B roughly on the diagram. 


196 


ANALYTICAL GEOMETRY. [CH. X. 


When «@ is a little greater than 1, the factor 
(x—1)is small, and therefore (w—1)(#—2) is small 
and has the sign (+)(—)or(—). Mark Croughly 
on the diagram. 


(b) When «=2,y=0. Mark Don the diagram. 


When ~ is a little less than 2, the factor (~—2) 
is small, and therefore (c—1)(#—2) is small and 
has the sign (+)(—) or (—). Mark # roughly 
on the diagram. 

When @ is a little greater than 2, the factor 
(w—2) is small, and therefore (w—1)(w—2) is 
small and has the sign (+)(+) or (+). Mark 
F roughly on the diagram. 


paseee aeeee | 
a 
ean H 
\ | a 


“eH 


S 
}——- - 


EEE 
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oy 


Fig. 71. 


(2) Note the intercept on the y-axis. 


When w=0, y=2. Mark @ on the diagram. 


(3) Examine the function when a is large. 


When «@ is large and positive, (7—1)(@—2) is 


_ large and positive. Mark HK roughly on the 


diagram, 
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When @ is large and negative, (7—1)(#—2) is 
large and positive. Mark ZM roughly on the 
diagram. 

(4) Mark selected points on the diagram to give what 
precision is desired to the trend of the graph. 


When #=15, y=—025.. Mark N. 
When #=0°5, y= 0-75. Mark P. 
When 2=25, y= 0°75... Mark-@: 
Whente= 3). >-2: Mark R. 

(5) Finally join these parts of the graph by a smoothly 
running line. It is obvious that there must be a turning 
point between A and B, and it must be near N(1°5, — 0°25). 
At a later stage we shall be able to fix the position 
accurately. 

All that need be written down preparatory to drawing 
the graph is the following table : . 


ug | 1 1 [1+ 2 |2—|2+| 0 |4+a|-2| 15 }o5 |25| 3 


+ 00 | — 0°25 | 0-75 


y | 0 |o+ jo-| 0 |o~ |o+| 2 |+a 075 | 2 


giving 4A) BUA > Ba eG AKO TM Bi alt 


The symbol 1— means a number a little less than 1, 
while 1+ means a number a little greater than 1; 2-, 
2+, etc., have similar meanings. 


Ex. Sketch the rough forms of the graphs of 


(i) y=(e@-2)(~-3); Gi) y=ae—-1); (iti) y=(2—a)(#—1); 
(iv) y=—a(@-2); — (v) y= (V+ 2)(8-2); (vi) y=(@41) (7 +2). 
ET: . y =x(x—1)(x—2). 
Construct the following table: 
@ Jo jo-|o+| 1]1=[14 2|2- 24|4+0|-2|05 05/15 2:5 


D | 0 [o-jo+| ofo+fo-| o]o-[o+|+-|-x|T9/o4|04|19 
Aes CD mar GH KL NP OR Ss iT 
of Fig. 72. al sh ; 
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It is obvious that there must be a turning point between 
A and D, and another between D and G. 


Ex. Sketch the rough forms of the graphs of 
(i) y=(e-1)(w-2)(w-3) 5 i) y=(@-2(w-3)(w-4) ; 
(iii) y=(2—a)(w-1)(e-3)3. (iv) y= - a(@-1)(@-2); 
(v) y=u(a@+1)(@4+3) ; (vi) y=«(a?—-1). 


GH 


ite - y=x?(x—2). 


Construct the following table : 


x|0 jo-|o+]2 j2-|24|+0|-20|1 12 


| | 22 
aye 


y 0}o-|0-|0|0-jo+]+2/-«|T| 12 
giving 4 BO DE F GH KLM N P @® Rof Fig. 73. 


Note the points M, NV, P required to get even a rough 
notion of the dip of the graph. There is obviously a turn- 
ing point between NV and P. 
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83. Graph of y?=f(x). We consider some simple cases 
_ f(x) being a polynomial. 

To each value of a there are two values of y which are 
numerically equal but are of opposite signs; the a-axis is 
therefore an axis of symmetry, so that in calculating co- 
ordinates we need only attend to one value of y. 


? 


Yh i 
ia 
1 
) D 
x HHBENE Ef 
auae | 
Q ae | 
r IM 
15 N ‘ 
SEH 
We 
Fie, 73, 
is vioxx or y= -+,/(z°). 


If w is negative y will be imaginary; there is no part 
of the curve, therefore, to the left of the Y-axis. The 
values of ,/(a*) are easily calculated for a series of values 
0, 01, 0°2, ... of a; the curve, which is called the semi- 
cubical parabola, is shown in Fig. 74. It consists of two 
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branches OA, OB, and the z-axis is a tangent at O to both 
branches. 

A point such as O, at which two branches 0.4, OB have 
the same tangent, but beyond which they do not is 
called a Cusp. 

The graphs of y?=a", where 7 is a positive odd integer 
greater than unity, have all a cusp at the origin, the x-axis 


being the tangent there. The graph of y?=a has not a 
cusp. 
II. y®=x(x—1)(x—2) or y=+,/{x(x—1)(x—2)}. 
First draw the graph of 
. Y= 2(e— 1)\(a— 2): 
then. ion or y=t/y,. 
.. The graph of y, is shown in Fig. 72. 
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If y, is negative, y will be imaginary; hence we need 
only consider the values of 2 that correspond to the part of 
the graph (Fig. 72) between 2=0 and w=1 and the part 
from «=2 onwards. We see at once that the rough form 
of the graph consists of an oval lying between a=0 and 


Fie. 75, 


*=1 and an open branch from «=2 onwards. The curve 
(Fig. 75) is now drawn from the following table: 


z]o|o1| os | oo |il2| 22] 2s | 3 


Vail 30 | O17 | 0375 | 0-10 | 0 | 0 | 0°58 | 1375 | 6 
+y| 0 | 0-41 | 0-61 0°32 | 0 | 0 | 073 | 1:37 | 2-45 
eeeViT: y=x(x—1% or y=+(z—-1)/z. 


- If w is negative, y is imaginary. Let us take 
i ad : 44 =(@— Dales 
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and plot the part of the curve corresponding to this 
equation. ; 

y,=0 when «=0 and when #=1. When @ is a proper 
fraction, y, is negative; when « is greater than unity, y, 18 
positive, and y, now steadily increases as increases. We 
give the table: 


z|o| or | o3 | 05 | o8 [1 ]i2e|is 2|o5| 3 
x1 | 0 | — 0°28 | —0'38 —0'35| -0'18 | 0 )0-22| 0°61 | 1-41 | 2°37 | 2°46 
EEE Ty] BEND SES || 
sess oetasttestesstentceteets 
EHEC epecestcees A 
HH SeErEeveeraezer Casseeecee 
STAI CREREEneadeseesey Gazsnaeeses 
SEUEUTaoeUcetaezacee; ceseeseeesee 
. SUSSSGSeeES JSESESES 
ZERRNAPR | | 7 | Cee E ER 
SESEUEGS. SeRaUOGEY CONSESEEETETESEEE 
C7 CCPC LEME eel entice 
ECHO 
REELS re 
INS 
ae : 
ae 
Be 
ge 
aE 
| 
| 
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Plotting these points, we get the part OABO of Fig. 76; 
the part OA’BC’ is the reflexion of OABO in the z-axis, 
and may be obtained by plotting the points derived from 
the above table by changing the sign of each ordinate. 
The y-axis is a tangent. ; 

It is obvious that as @ increases from 0 to 1, y cannot 
possibly become as large as unity; in fact, the table 
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suggests that 0:4 will be an upper limit to the value of y. 
The curve, therefore, must have a loop such as OABA’. 

A point such as B, at which two branches of a curve 
cross, is called a node. 

The rough form of the graph may also be readily ob- 
tained by first graphing y=a(#—1)? by the methods of 
§ 82 and then marking roughly the points whose ordinates 
are the square roots of the positive ordinates of this graph. 

In the same way we see from Fig. 73 that the graph of 
y’ =a? (~—2) consists of the origin and an open branch 
from «=2 onwards. An isolated point, like the origin in 
this case, whose coordinates satisfy the equation of the 
curve but in whose neighbourhood there is no other point 
of the curve is called a conjugate point or an isolated point. 


EXERCISES XXII. 


Trace the rough forms of the graphs of the following equations, 
plotting a few chosen points to give some precision to the graphs : 


Ll. y=2' +2 -2. 2. y=(274+1)(e-1). 3. y=(e#4+1)2-2). 
4, y=(2r+1)(1-2). 5. y=(e+1)(2*-1). 6. y=ax(~-1). 

7. y=x?(c+1). 8. y=27(2—2). 9. y=-a(74+2/. 
10. y=2+x+ ll. y=c(~—-1)(v-2). 12. y=x?(a*-1). 

13, y=a(et+1)P(r+2) 14. y=a?(v-1). 15. y=(e~—1)? (2-2). 
16. y=a(e+1)*. 17. y=(x-1)(x—2)(a —3)(@—4). 

18. y=2?(a—-1)'. 19. y= — a. 20. v=a*(x-1). 

1. 7?=2(2—-1). 22. y*=(x -1)(x—2)(x—-3). 


23. y?=("—1)(e-2). 24. y=a(1—2?). = 25. = 23 — 28. 
26. Trace in the same diagram the graphs of 
=e and y=2', 
and derive from your graphs those of 
P= and y=2". 
27. Trace the graphs of the following equations : 
(i) y= tM1-2"); (ii) y= +S? -1); 
(iii) y= +./(2ar+bx?) when a=3 and 6 has the values —4, —1 
0,4; (iv) y= 4N{(7-1)(e-2)}5 (Vv) y= Ne -1)@-8)} 5 
(vi) y= £/{(w-1)(5 - 22)}. 


[CH. XI. 


CHAPTER XI. 


ROUGH GRAPHS OF RATIONAL FRACTIONS. 
FREEDOM EQUATIONS. 


2--x 


84. Graph of y= wap Construct the following table: 

2 |2|2-|2+|1 | 1- | 1+ | 0) | small | @ 

y | 0 | O+ | o= | oo | — | +00 | —2 | -2-«—a" approx. -1 
ike yas CO SDE BG Vek ae Note (i) M, N 


& | large | —2 | 1/2 | 1-4 | 3 


y | —1+41/x approx. 


—4/3 | =a | 15 | -1/2 
PQ, RS. Note Gi) To UT Vw 


From this table Fig. 77 has been drawn. 
The curve is a hyperbola. 


Note (i). If an approximation to the value of a numerical 
fraction, say 237/1892, is wanted, we divide 237 by 1892, 
getting 0°1252..., and we retain one or more of the first 
figures 0-1, 012, 0125, ..., according to the degree of 
accuracy required. In the given fraction the figures of 
numerator and denominator are arranged in the order 
of importance ; thus 2 is the most important figure of the 
numerator and comes first, but in the denominator 2 is the 
least important and comes last. In the fraction (2—«#)/(w7—1) 
the numerator is, when « is small, already arranged in the 
order of importance of its terms, but the denominator must 
be written in the form —1+ a, so that the most important 
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term —1 may come first. If we divide 2—x by —1+z, the 
first few terms will give an approximation to the fraction 
when # is small. In general, when a is small the numerator 
and denominator of a fraction, arranged in ascending 
powers of 2, will give by division an approximation to the 
fraction ; the process is called Ascending Continued Division. 

Carrying out the division of 2—a 3 
by ec sise indicated at the side, ue eee ee 
we find as an approximation 


y= —2-—42-2". = 
It will be seen that the exact x? — 98 
value of ¥ is a 
2 2 a 
f 2x Ae or +a 


so that we can in any given case determine the degree of 
accuracy in the approximation. 


Ha FA H 
2 3 H 
| B A 
: T 2 pall Wea Pr ? e) 
5 id 
G 5 | 
It H : EE 
Fic. 77. 


The straight line y= —2—a is the tangent to the graph 
at L; near L the graph must be below the straight line on 
both sides of LZ, because —2—a—2? is less than —2—~ for 
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every small value of x, whether that value be positive or 
negative. 


Note (ii). When a is large we write the fraction in the 
—y+2 
x—1 ’ 
the most important term may come first, and, if we now 
divide, the first few terms of the quotient will give an 
approximation to the fraction when a is large. In this case 
the division must usually be continued till one term at least 
of the quotient contains # in a denominator. In general, 
when is large the numerator and denominator of a fraction, 
arranged in descending powers of @, will give by division 
an approximation to the fraction; the process is called 
Descending Continued Division. 


form so that both in numerator and in denominator 


dial Ui cide, we and Gaby yee ae 
Bs +1 
eee x es 1— ss 
is an approximation to the fraction Pe 
when « is large. © 


When z is positive, 
1 


therefore, on the far right (PQ in the diagram) the graph 
appears above the line MN, whose ordinate is —1. 
When @ is negative, 


1 


therefore, on the far left (RS in the diagram) the graph 
appears below the line MN. 


The approximation y= —1 7 shows that if a point travel 


along the curve past P, then Q and so on, the point will 
come closer and closer to the straight line MN; similarly, 
if it travel past S, then R and so on. MN is called an 
asymptote of the curve. DE is also an asymptote. The 
following is the formal definition of an asymptote. 
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Definition. A straight line MN is said to be an asymptote 
to a branch of a curve which goes off to infinity, when the 
distance of a variable point on the branch from the line MN 
tends towards zero, as the point moves to an infinite distance 
along the branch. 


Cor. 1. The graph of | may be derived from the 
graph of y=2a8 by interchanging the axes. 


20 au 


Cor. 2.. The graph of y= (a positive) may be 


derived from the graph of y=" by substituting the — 


abscissae a, 2a, etc., for the abscissae 1, 2, etce., and the 
ordinates a, 2a, etc, for 1, 2, etc. Indeed, the graph of 


clas — reduced in the ratio 


y=" is the graph of y= 
l:a. If @ were negative, Soak ath be the relation of 


oo that of y=2 


the graph of y= rh 


peer tee 


85. Graph of wisn 


(1) Examine the zeros of the function. Put y=0; 
then 0= 2? —3x7+4 
or 0=(@+1)(a—2), 


so that y=0 when #=—1 and when a=+2. Mark A, D 
on the diagram (Fig. 78). 


Now BS Maes ae oa ee (1) 
When «= —1—,y=0-—. Mark Broughly on the diagram. 
Whenx=—1+,y=0+. , C *p E, 
Whenz= 2-—,y=0+. , HE 8 3 
Whena= 24+,y=0+. , F " 5 


(2) Examine the appearance of the graph when # is 
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small. If we start with equation (1), we must use Ascending 
Continued Division, and we should obtain the form 


y=4-B+e or y= approx. 


Whenz=0, y=. 
Whenaw=0—,y=+%. Mark GH roughly on the diagram. 


Whenw=0+,y=+. 2 KL »” » 


Fic. 78. 


(3) Examine the appearance of the graph when «@ is 


large. 
. . e ee 3 
By Descending Continued Division applied to sm NE 
a 4, : . 
we have y="-3+—, 
Draw the line y,=«—3. 
When «& is negative, y=(~—3)+. Mark MN roughly on 
the diagram. 
When is positive, y=(«—3)+. Mark P hly 
the diagram. ie, 2 eyes 4 a 
. (4) The trend of the graph is now apparent. To give 
some precision to the graph, plot the points R, S, 7, U, V, W. 
Draw a smooth line through the points A... W. 
All that needs to be written down is the following table: 
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z|-1|-1-|-14 2|2- 2+| 0 small | large | ~3 |-2|-4 3 jr] s 
y] 0} 0- | 0+ 10]0+{0+}o0) 4/e* |o—3+5}—5-6|—4)193]133] 210-4 
giving 

A B OC DEF GH,KLMN,PQR 8 T UVW 
in Fig. 78. 


Cor. In place of the numbers 1, 2, etc. on the axes, 
write a, 2a, etc., and the pes: will be that of 


— 30a? + 4a3 
y= 
IS 
Pp 
6} \Ee 
LA: C < 
Fig. 79. 
; : : 
86. Graph of y= Ae 


(<+1)*(«-1) 
The following table shows the general trend of the Cas 


w }o}o-|o+/2/2-]2+| 1 | 1-| 1+|-1|-1-]-14| large 


0/0+]0+/0]0-]0+| « J+2]-2|2 | +2 [+2 | 1-8 


‘giving O A BOD E - ¢ H K LM,PQ 


of Fig. 79. 
G.A.G. O 
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The plotted points 


give the graph as shown in Fig. 79. 


9 x (x—2) 
87. Graph of y = G@F1°@—1) 


First draw the graph of 
a2) 
1 e+ lp(a—1y 
as in Fig. 79. 


Fie. 80. 


Then y’=y, or y=+,/y,. For real values of y, y, must 
be positive, so that there is no part of the graph of y 
between w=1 and #=2. 


aia 
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The trend of the graph is easily seen. The plotted 
points 


«| -4 | -3 | -2 }-15]-05] 0 | 05 | 2 | 3 | 4 


y, | 213 | 2-81 | 5°33 | 12°60 | 167 


0) | 0°33 | 0 | 0:28 | 0°43 


y [+146] 41-68) 2231 [43°55 £129 


+0| £058 


+0|0°3 |+0-66 


then give Fig. 80. 


88. Solution of Simultaneous Equations. The following 
example illustrates some methods of procedure. 


Ex. Solve the simultaneous equations 


De DI Ds ona aarti naet (1) WP PU — Ae aaeelddeb scares” (2) 
First, graph the equation #?—«y=2 or y=a—- = 
The table ca | O+ | O- | +large | —large 
Y | 69 | + 0 | a | e+ 


gives the trend of the graph ; the additional values 


L 1°41 


0-7 jos {1 | 2] 3 


y | ~ 2:16 | =17 | -1| 1 


2°33 | 0) 


give the graph as in Fig. 81. The asymptotes are given by the 
equations y= and «=0. 


: 3 
Next, graph the equation 7°+2y=3 or v= mie 


The table y | O+ | O- | +large | —large 


Ea | +0 | a1) sat has | ae 


gives the trend of the graph ; the additional values 


08 | 1 | 2 3 1°73 


Y 


2 ee 2 Spent? -05 | -2 | 0) 
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give-the graph as in Fig. 81. The asymptotes are given by the 
equations y+v=0 and y=0. 

The solutions, being the coordinates of the points of intersection of 
the graphs, are therefore 


0-71 | ~O71 


o 2 | —-2 
y | 1 | aa | -213| 213 


Fic. 81. 


If we multiply equation (1) by 3 and tion (2) b 
tiation ae q (1) by equation (2) by 2, nnd ‘tie 
; 3a" — 5ay—Qy?=O0 or (Ba+y)(7—Q)=O. o.eseereevees (3) 

The intersections of 37+y=0, and either (1) or (2) give solutions. 
Also the intersections of «—2y=0 (shown in diagram), and either (1) 


or (2) give solutions. In fact, the solutions of (1) and (2) are the 
same as the solutions of 


a ay =2 a — ny =2 
Br+y=0 ond 4 a—2y=0 


2 
¢ Jy rty=3 y+ay=3 
sped Wet SHIT ek OF yr 
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EXERCISES XXIII. 


Trace the rough graphs of the following equations, plotting a few 
points to give some precision to the graphs : 


ea hal! bn w—1 
a I~Z . a7 3. oF BOTs 2 I-52 
5. ay—x—y~1=0, 6. 2ny—x-—y+2=0. th nL. 
r+1 ps 
ie. Y=—. 1 
v1 8. Qvny—xr+y+2=0. 9, pe 
oad 1 —. a 8 —yp 2 
10. : eae ia Yaa LD: ES he 
2 1 1 
13. Se eS 14, Ds eae 15. CRE teaen 
16 yaa US ine J 18. y=2? : 
ci fen eal a . Y=O = | Y=O + 
1 2 
=e eT ee 
19. y=ax = 20. y=L+H2 5 
21. y=20+3-—. BE eee ee 
[ Prove Aue in Ex. 22, y=x +2 is the approximation when w# is large. | 
z—1 (@ ses el 
23. y= BaDGaa 7 24. eae 25. y= Cea 


a af A : ; 
26. y= (i) when ais positive, (ii) when a is negative. 


2 
i = 
a7. y ee 28, y= Sth 29, pa 2?) 
2(¢—1 2) ~W(y-3 
20. y= oy Sh Ga, w UN) 
egal) Gale 
ee ee Pieri 4) 


35. Graph on the same diagram the following equations : 
1 “3 1 bee 1 
@®=% Gi) P= (i) P=S 
and use your graphs to derive those of 
1 1 p 1 
(iv) v= me (v) Bagret (vi) #? ae 


36. Graph the following equations : 


2_(v7—1 2 ie “—3 
ofa Oy (@=1)(@-2) 
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37. Trace the form of the Conchoid from its equation 
9 __v(b—c+a)(b+c—2) 
ae (x— cy 
(i) when b<c, (ii) when b=c, (iii) when b>¢. 
38. Trace the form of the Cissoid from its equation 
Or 


Fa 
y= . 
yg 


39. Trace the form of the Witch of Agnesi from its equation 
a(a+y")=2a%. 
40. Solve the simultaneous equations : 
(i) 4v?-6xy+3=0, 9y?—6ry=4 ; 
(ii) 4ay=8y—7, 20°+3y=2 ; 
(iii) 2a?- x2y=3, (y+2v—3)(y—2+1)=0; 
(iv) ay=a+y, #+y?—-22=2 ; 
(v) ay=x2+2y, v7? +7?-—2y=4. 


89. Freedom Equations. In this article we show how a 
curve may be drawn when its freedom equations are 
given. 


L 3 1-# t 


Te FOE 


First draw the graphs of oe 


—? t 
T+! and oF a ge The 
graphs in Fig. 82 were drawn by the methods of this 
chapter according to the following table: . 
t | +3 | +2 | ash | 0 | large | small 
x |-08 | -06 |. 0 aa -1+2/#| 1-20 
y | +03 | +0°4 | +4 0 | 1/t | t-# 


A rough graph of y, considered as a function of x, can 
now be quickly drawn by observing from the above graphs 
how « and y simultaneously vary as ¢ varies from — 0 to 
+o. The graph in Fig. 82, showing the variation of y as 
w varies, was drawn by noting the general trend of the 
variation of y as a varies, and plotting certain chosen 
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points, shown in the diagram. The process is exhibited in 
the subjoined table: 


H 
SEH 
i! 
= 2 (2) 1 3 
T 
i 
a; 
=i it 
1 
a (is 
=I 7} i 
Fig. 82. 
t | all but — | inc. to —3 ine. to —2 | ine. to —1°75 | ine. to —1 
x | —-1l+ ine. to —0°8 | ine. to —0°6 | ine. to — 0°51 | ine. to 0 
y | 0- | dec. to —0°3 | dec. to — 0°4 | dec. to ~ 0°43 | dec. to —0°5 
A to B 


t | ine. to 0 


ine. to 1 | inc. to +0 


G | ine. to 1 | dec. to 0 | dec. to-—1 


y | inc. to 0 | ine. to 05 dec. to 0 


BtoC Cto D DtoA in Fig. 82. 
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ew=t(t=1), y=t(t+1). 

The graph of ~=¢(t—1) is shown as a full line, and the 
graph of y=t(t+1) as a dotted line in the diagram of 
Fig. 83.. The following table shows the trend of the 
x, y graph: 


t|-« 


ine. to —1 ine. to —4 


ine. to 0 


inc. to4 


inc. to] | ine. to +0 


x | +o | dec. to 2 | dec. to ? 


dec. t00 | dec. to —4 | ine. 100 | Ave ee 


¥ | +a | dec. to 0 |dee. to -4 


ine. to 0 


ine. to 2 


ine. to2| Soh aes 


AtoB BtoC? CtoO OtoD DtoH KHtoF 
in Fig. 83. 


Fig. 83. 


Ex. 1. Express the freedom equations 


v=t(t-1), y=t(t+1) 
as a constraint equation in w, y. 


By subtraction we have y—wv=2t, and therefore t=4(y—2). Sub- 
stituting }(y—.) for ¢ in the first equation, we get re 


5 ) or wh — Lary +9? — 20 — 2y=0. 
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This process is called elimination, and we are said to have eliminated 
¢ between the two given equations. 


Ex. 2. Find the points of intersection of the graphs specified by 


the equations w=6(6—1), ySt(E+1)h cemrdodiasleckncicleges (1) 
oe is rae NY fac eh) eee EN ee Se (2) 
We require that the equations 
7A UGE SS Dee bs Be Pnecateiar een e eR ai t e (3) 
CCEA) ear es ne cnc cn busivexoats assooets (4) 


should hold simultaneously. 
From (3) and (4) 2=3+4 or u=2t-3. 
Hence, from (3), 
t(¢—1)=2¢—2, te. #%—-3£4+2=0, te. t=1 or 2.- 
Hence, from (1), = OO Dany 10LIG, 
so that the points of intersection are (0, 2) and (2, 6). 
Note. We might have expressed equations (1) and (2) as constraint 
equations, viz. 
DEY AYA Oy = agen sees ectewonssseecetmet(l.) 
Qn —y+2=0, 0... te ian ae dee (2’) 


and then solved (1’) and (2’) as simultaneous equations. 
Freedom equations should be translated into constraint equations, 
if the latter can be readily found and handled. 


Ex. 3. Prove that the constraint equation of the graph specified by 


Pe Sol rag ee! 
“14 T1428 
is a+4/=1. 
Ex. 4. Prove that the coordinates of the points of intersection of 
1-? t 


C= and’ #=—-2+7u, y=t— hu 


1+@ 7140 
are (0°8, 0°3) and (—0°6, 0°4), and that the corresponding values of ¢ 
are 3, 2 and of wu, 2 and 3. 

Ex. 5. If #=Vicosa,y= Vtsin «a —4gt, where V, x, g are constants, 
draw the graphs of x and y considered as functions of ¢, and then 
draw the graph of ¥ considered as a function of x. The values of ¢ 
may be restricted to the range from ¢=0 to ¢=2V’sin a/g. Find also 
the constraint equation of the curve. 


EXERCISES XXIV. 

1. Draw the graph showing the variation of y as v varies when 
g=(t-1)(¢-2), y=?. 

What is the constraint equation of the graph ? 
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2.~Draw to x, y axes the graph of 
v=t(®—-1),, y=t(+)), 
making the form near the origin quite clear. What is the constraint 
equation of the graph ? 
3. Trace the graphs of 
(i) e=(¢-1)(¢-3),_ y=tt-2); 
(ii) x=t(t—2), y= —-1. 
4, Trace the graph of 


hs 
What is the constraint equation of the graph ? 
5. Trace the graph of 
v=(t+1), y=t(t+1), 
and find the constraint equation. 
6. Trace the graph of ‘ 
and find the constraint equation. 


7. Trace the graph of 
ie 780 30 
Es ee ees 


and find the constraint equation. 


x 


8. Trace the graph of 
pettiss, 2 
pee ar Cm 


and find the constraint equation 
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CHAPTER XII. 


IRRATIONAL FUNCTIONS. 


90. Graph of y=x—1+2,/(x—2). In § 88, 87 some 
equations of the form y?=f(x) were discussed; in this 
chapter we shall show how the general shape of curves 
given by equations of the form 


y=aat+b+/f(@) or (y—ax—by=f(e) 
may be obtained when /(«) is of a simple type. We begin 


with the equation 
FEO IS— sp Ceicrcstotgs coe uaee (1) 
which may be expressed in the forms 
(y—x+1)=4(a—2), 
a — Qaey + y?—6a+2yt9=0. .cccccecseceeee (2) 
From equation (2), by arranging it in powers of y and 
solving the quadratic so obtained in terms of a, we derive 
equation (1). 
First draw the graph of y,=#—1, the line AG in Fig. 84. 
For real values of y, the values of « must be equal to or 
greater than 2. Mark on the line AG the points A, B, C, 
D, E, F,G,..., whose abscissae are 2, 3, 4, 5, 6, 7, 8, ...5 then 
the table 


mar feed Be Te she for hs 


+ 2n/(x — 2) | +0 | +2 | + 2°83 | + 3°46 | +4 | +4°47 | +4'90 


A Bb Ce Dae o Lemme ly Gg 
Deere DO ss heaa a Ni. Gg’ 
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gives the points A,b and b’,c and ¢,... on the curve by 
the following rule. Bb and, Bb’, Ce and Cc’,... are steps 
whose measures are +2 and —2, +2°83 and — 2°83, ..., these 
numbers being obtained from the second row and from the 
same column as contains the steps; thus, Bb= +2 and 
Bb’=—2. To plot the point b move 2 units upwards from 


Fia. 84. 


B, and to plot b’ move 2 units downwards from B, and 
so on. The two steps from A are both zero, so that A 
itself is on the curve. 

Note (i) that w=2 is the tangent at the point (2, 1) 
on the curve; (ii) that the line y=«—1 bisects all chords 
parallel to the y-axis. “ 


The curve is a parabola and AG is a “diameter” of the 
parabola. 
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91. Graph of y=5—14/{(x-2)(+1)}. Tf -y~is ‘real,’ 


the product (#—2)(~+1) must be positive or zero. The 
graph of (7—2)(x+1) is a festoon cutting X’OX, where 
“= —1 and where «=2, and therefore « cannot lie between 
—1 and 2 (A very rough sketch of the graph of 
(a—2)(a+1) or a mental picture will show at once that 
the ordinate is negative for values of « between —1 and 2.) 

i —1 the line HD in Fig. 85. 
Mark on HD the points A, B,C, D,... E, F, G, H,..., whose 


Draw the graph of Ta 


abscissae are 2, 3, 4,5,... —1, —2, —3, —4,..... Then the 
table 
2 2 3 | 4 | 5 }--|-1|-2| -3 | —4 
+a -2)(@+1) |+0 | +2 [#316 j+424 | es | +0 | +2)4+3:16 js424 
A Bb Ce Die Lem tl i menGe a ih 
Bo Ce Dl ee ew eG Gg St fy 

gives the points A, b and 0b’, ¢ and ©@,... on the curve 
(Fig. 85). 


The equation may be written in the forms 
2 
(y—$+1) =(@-2)(@+), 


15a? + 8xy — 16y? — 8a —32y—48=0; ......... (3) 
from the second of these forms the given equation may be 
derived by arranging it as a quadratic in y and then 


solving for y in terms of @. 
Note (i) that «= —1 is the tangent at the point (—1, —4) 
and #=2 the tangent at the point (2, —4); (ii) that 


y=4-1 bisects all chords of the curve parallel to the 


y-axis. The curve is a hyperbola and HD is a “ diameter” 


of the hyperbola. 
The expression on the left side of equation (1) may 


by a factorising process be written 


(5x—4y —6)(3x-+4y +2)— 36; 
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hence the equation of the hyperbola may be expressed in 
the form , 
(5a —4y —6)(Ba + 4y + 2)=36. «0... ee eeeee ees (2) 
The asymptotes of the curve are the lines 
5a—4y—6=0, 38xa+4y4+2=0; 


they are shown in the diagram. 


92. Graph of y=5—14+/{(x+2)(6-»)}. If y is real, the 


product (w+2)(6—«) must be positive or zero. The graph 
of (w+2)(6—«) is an inverted festoon cutting the a-axis 
at ae —2 and «=6, and therefore 2 must lie between —2 
and 6. 


Draw the graph of h=57- 1, the line AK in Fig. 86. 


§$ 91, 92] ELLIPSE. 223 


Mark on AK the points A, B, O, D, E,... K, whose 
abscissae are —2, —1, 0, 1, 2,...6. Then the table 


@ me eS ea 


+V(v@+2)\(6—2) £0) 4265 +346] 12°65 |0 


A Bb Ce Do Be BE Gg “Hh, WK 
Ba Ce Dd! EOF 1G Hh 


gives the points A, b and 0’, ¢ and ¢’,... on the curve. 
The equation may be written in the forms 


(y—$+1) =(@+2)(6—2), 


+4) 4387 


43-46 |+ 3:87 


5a? — 4ay + 4y? — 20x + 8y —44.=0. 


Note (i) that «= —2 is the tangent at the point (—2, —2) 
= a 
and «=6 the tangent at the point (6, 2); (ii) that y=5-1 


bisects all chords of the curve parallel to the y-axis. The 
curve is an ellipse and AX is a “diameter” of the ellipse. 
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93. Graph of y=5—1tV(?+x+)). If y is real, x?-+-@+1. 


must be positive or zero. The graph of 2+a+1 is a 
festoon which does not cut the x-axis, and therefore y is 
real for every value of «. 


Fic. 87. 


Draw the graph of n=5-h the line AF in Fig. 87; 


since y is real for every value of w the curve extends in 


two branches from left to right, one above AF and the 
other below AF. 


Mark on AF the points A, B, C, D, FE, F, whose abscissae 
are —3, —2, —1, 0,1, 2. Then the table 
@ | ~sf-=2 |-1]0| 2 | 2 
tot+e41) | 265 |+1-73| a | P| |+1-73| +265 
Aw Bo. Ge. Dea he a OF 
, Aa’ Bb. Cc “Dd! He FP 
gives the points a and a’, b and b’,... on the curve. 
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The equation may be written in the forms 
(y—$+1) =02+04 rs 
3x? + 4ay —4y?+ 8x —S8y =0. .eeeceeeee sees (1) 


Note that ¥ =5- 1 bisects all chords of the curve parallel 


to the y-axis. The curve is a hyperbola and AF is a 
“diameter” of the hyperbola. 
Equation (1) may by a factorising process be expressed 
in the form 
(8a—2y—1)(a+2y+3)= —3. 
The asymptotes of the hyperbola are the lines 
sa—2y—1=0, 2+2y—3=0; 


these lines are shown in the diagram. 


94. Graph of y=x+ M | (==). If y is real, « must not 


lie between 1 and 2. 
Draw the graphs of the two equations 


a 
Y,=2, Yo =+/ (255 (= 


then Y=Nt Yo 
and any ordinate of the curve is obtained by adding 
(algebraically) the corresponding ordinates y, and yp. A 
sketch of the curve is shown in Fig. 88. 

Some of the details of the graph were obtained as follows: 


(1) wa large. By Sethe Continued Division 
ao =144 - approx., 


and by the ears process of extracting the square root 


VO a =1 ae 


‘Hence, y=a+t Re =o (1+5 +4 x) approx. 


G.A.G, 
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The lines y=x+1 and y=a—1 are asymptotes ; the 
graph appears above y=2+1 to the far right and below 
to the far left, but appears below y=«#—1 to the far right 
and above to the far left. 


—1 : 
(2) y=0 when o=0+/(2=3), that is, when 


a(e—2)=ea—-1 or a—2a?—x27+1=0. 


Fic. 88, 


This equation may be solved graphically (see Chap. XV.); 
its roots are approximately —0:80, 0°55, 2:25. These give 
the points where the curve crosses the a-axis. 


(3) The following table gives a number of points: 


eae ere i Se NT Ry Re) 
#[ -2)-1)] 5). pelea tee [es [4 

—113|—0°18}4+0°71] 1 |+0] 5:42] 4-65] 4:41] 5:22 
Y |~9:87|—1-82 — © |—1-22|—0-25 | 1:59 | 2°78 
a Ae a ee a re ets 
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EXERCISES XXV., 
1. Graph the equations : 
(i) y="tJx; (ii) y=Z4N(et 1); Gii) (4y-vP=16(w-2); 
(iv) 42?-12ey+9y?=47;  (v) a? -Qry+y?- Qe + 4y—3=0. 
2. Graph the equation y=r—1+2,/{(w—2)(~+1)}. What are 
the asymptotes of the curve ? 
3. Graph the equation y=x—1+2,/{(~+2)(6—2)}. 

Find the equation (i) of the diameter that bisects chords parallel to 

the y-axis ; (ii) of the diameter that bisects chords parallel to the w-axis. 
4, Graph the equation 
827+ 6xry —9y?+ 4x0 —12y -13=0. 

Find (i) the equation of the diameter that bisects chords parallel to 
the y-axis; (ii) the equation of the diameter that bisects chords 
parallel to the «-axis ; (iii) the equations of the asymptotes. 

5. Graph the equation 
10x? — 6xy + 97? + 2x — 6y — 8=0. 

Find the equation of the diameter that bisects chords (i) parallel to 
the y-axis ; (ii) parallel to the x-axis. 

For what values of v are the values of w equal, and what is the 
nature of the corresponding points on the curve ? 


6. What values of y give equal values of # in the following 
equations ? (i) 322+ dary — 4y2+8x—8y=0; 
(ii) 5x? — 4ary + 4y? — 20x + 8y — 44=0. 
Graph the equations. 
7. Draw the curves given by the following equations : 
(i) 4724+9y2=36; (ii) 4a2-9y=36; (iii) 4a®-9y?= - 36; 
2 ce 
(gh te eae Ga (vi) 5-G=-1 
8. Simplify the following equations by change of axes (S§ 48, 49), 
and then graph the equations : 
(i) 2? + 20+ 2y?—4y=18 ; (ii) #2 +2 —2y?+4y=17 ; 


(iii) 4(42)'+0(— 2) =36; (iv) 4(e+y)'—9(e—y)'=72 ; 
. (B4-4y+1)  (444+3y)? 
(v) 4(a@+y)?-9(e@-y=-72; (vi) ioz i ) +f Bee ; 
(vii) (w—2y+1)?+(2e7+y4+1)=5; 
(viii) 4(~—2y+1)+ Qrt+yt+1)?=20 ; 
(ix) (w -2y+1P-4(2e+y+1)=20; 
(x) (w—2y+1)?-4(Qe+y+1)P= — 20. 
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9. Graph the following equations : 
(i) Y-#P=2; Gi) Y-2P=a*; (ili) zy’ =(v-1)(e- 2); 
(iv) yet) {(e—-1)(e—2)(2-3)}3  (v) y= wa2al( Sot iG 
(vi) y=a294Ja3 (vii) y=2 t/a; (viii) y=a? +(x -2°). 
10. Solve the following simultaneous equations, and verify the 
solutions by graphs : 


(iy {2b +)— aay = 304 2y, 
3(2? +47) —4xy =5a4+3y. 
{ = Say + 2y" = Qa — 4y. 
(ii) | 22? — 3xy + 2y?=40. : 


ii) [attaytyP=(at\or+9, 
Git) [ae — ay +92 =(a— dey). 
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CHAPTER XIII. 


SUCCESSIVE APPROXIMATIONS. 


95. Change of Origin. If €wé, yoy are rectangular 
axes, parallel respectively to X’OX, Y’OY, it has been 
shown ($48) that the coordinates x, y of any point P, 
referred to the axes through O, are connected with the 
coordinates €, y of P, referred to the axes through o, by 
the equations 

e=h+é y=k+yn...(1), €=a—h, n=y—h...(2); 
where h, k are the coordinates of the new origin w with 
reference to the axes through O. An equation can often 
be simplified by change of origin, and we shall show in 
this chapter how a change of origin enables us to obtain 
more accurate graphs with comparatively little labour. 
The following examples should be carefully noted. 


Ex. 1. Show that the equation y=az?+bxr+c may by change of 
origin be reduced to the form n=a&. 

By the process of “completing the square,” we find that the given 
equation may be put in the form : 
b \? 6b?—4ae b?—4ac _ ( b \2 

y- rel eae 


yn=a(o+5, Aidt.” i Ad 


es: 
Now let rte m6, yt oe an, and we get 7=a&*, If we write 


the equations of transformation in the form 


b 6? —4ac 
gre ore Pal ee ae 
and compare with equations (1), we see that the coordinates h, & of the 
new origin are ed 
pee ook pee GS ow Een cute | (3) 


~ 2? 4a 
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The graph of »=a€? is clearly the same curve as the graph of y=aa* 
if both curves are plotted to the same scales. Hence the graph of 
y=ae+ba+ce is identical with the graph of y=a2’? except that it 
occupies a different position with respect to the axes X’OX, YOY. 
The shape of the curve therefore depends solely on the constant a. 

The graph of y=az? is a parabola ($77), and the y-axis is called 
the axis of the parabola. When a is positive the origin is the lowest 
point, and when @ is negative the highest point of the curve ; 
this point is called the vertex of the parabola. The graph of 
y=ax'+be+c is therefore a parabola, and when the equation has 
been reduced to the form 7=a&? the new origin is the vertex ; 
equations (3) give the coordinates of the vertex referred to the axes 
XOX, Y'OY. 

When a is positive the curve is often called a “festoon,” and when 
a is negative an “inverted festoon.” It should be thoroughly fixed 
in the student’s memory that the curve is a festoon or an inverted 
festoon according as @ is positive or negative. 


Ex. 2. Show that (#—1)(#—2) is positive or negative according as 
x does not or does lie between 1 and 2. 

The graph of (v—1)(7—2) is a festoon which cuts the w-axis where 
v=1 and where v=2; and therefore the ordinate is negative between 


these two points, but positive if the x of the point is not between 1 
and 2. 


Ex. 3. Show that a(w—1)(w—2) is negative when w lies between 
1 and 2 and a is positive, but positive for the same range of w when 
a is negative. 

If a is positive the curve is a festoon, but if @ is negative the curve 
is an inverted festoon, and the results follow as in Example 2. 


Ex, 4. If the roots a, B of the equation az?+bxe+c=0 are real 
and unequal, show that, when a is positive, the expression av®+br+e 
is positive or negative according as 2 does not or does lie between 
a and £, but when a is negative the expression is positive or negative 
according as « does or does not lie between « and B. 

When a is positive, the curve is a festoon which cuts the w-axis 
where «=o and where x=8; when a is negative, the curve is an 
inverted ‘festoon which cuts the x-axis at the same two points, 


Ex. 5. Show that «?+x+1 is positive for every real value of «. 

The roots of «*+%+1=0 are imaginary; therefore the graph of 
x +x+1 does not cross or meet the w-axis. Heace the ordinate has 
always the same sign; when «=0 the ordinate=1, so that the ordinate 
is always positive. 
_ Ex. 6. Show that if the roots of the equation az?+ba+c=0 are 
imaginary, the expression axv?+ba+c has always the same sign as 
Cora: |: : - j 

The graph does not cross the «-axis, so that the ordinate has always 


the same sign; to find the sign, put w=0. When the roots are 
imaginary, a and c have the same sign. 
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Ex. 7. If a, 6, ¢ are in ascending order of magnitude, prove that 
one of the roots of the equation 


1 1 ] 
a 
“Z-a x£-b x-c 


lies between a and 6, and the other between 6 and e. 


=0 


Ex. 8. Find the necessary and sufficient conditions that ax?+2bx+c¢ 
should have (i) the positive sign, (ii) the negative sign, whatever the 
value of wv. 


96. Shape of a Graph near a given Point on it. In this 
and following articles we shall show how to obtain rapidly 
the shape of a graph in the neighbourhood of any given 
point on it; we begin with the graph of a quadratic 
function. 

Let it be required to examine the shape of the graph of 


Yy =2? —x 
near the origin, which is obviously a point on the graph. 


Fic. 89. 


We must examine the relative importance of the terms 
«? and —x when @ is a small positive or negative fraction. 
Now when @ is small, say 1/10%, 2 is 1/10°, which is much 
smaller; the error in taking —# instead of «*—a as the 
value of y is 1/10°, or just a little more than 0'1 per cent. 
of the true value of y. When a is 1/10‘ the error in taking 
—z instead of «?—a@ is 1/108, or about 0°01 per cent. of the 
true value; and so on. Now draw the straight line Q’0Q 
(Fig. 89), which is the graph of y= —a. 
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Near the origin the graph of y=a?—@ must lie close to 
Q’0Q, but does not coincide with QYOQ; the only point 
these two graphs have in common is O. Further, 

e—e= —a+a2= —x+(positive quantity), 
whether « is positive or negative. Hence P’OP, the graph 
of y=a—a near OQ, is derived from Q’OQ, the graph of 
y = —«, by drawing through O a curved line close to Q’OQ 
and above it on both sides of O, as in Fig. 89. In the 
figure, if OM=x, MQ=—2a, QP=2*, QP being therefore a 
positive step, then (§ 3) 
MP=MQ+QP=—-«24+2"; 
if OM’=a, M’Q'=—a, OP’ =27, QP’ being like QP a 
positive step, then 
MP=MYV+EP = —-a4+2". 

The equation y= —w is the closest approximation of the 
first degree to the equation y= —a+a", where & is small, 
and is called the first approximation near the origin. For 
the sake of distinction, the y of the first approximation is 
often called y,, so that y,=— is then written as the first 
approximation to y= —«#+ a”. 

The Tangent at the Origin. Of all straight lines which 
pass through O, the line y= —z«, which is the graph of the 
first approximation to y= —«#+2”, lies closest to the curve ; 
this line is the tangent at O to the curve. 

We thus see that near O the curve is a part of a festoon ; 
the curve is concave upwards. 

If we want now to examine the shape near any other 
point, say the point (1, 0), we shift the origin to this point 
by putting 1+€ for w and y for y, and then find the first 
approximation near the new origin. We thus have 


allt eh Get SS Ee 
The first approximation is 7= € and the curve p‘ep lies, 
near , above the straight line q’wq, which is the graph of 


The equation of the tangent at w, referred to the new 
axes, is »=€; to find the equation referred to the old axes, 
we must put v—1 for € and y for y. Thus the equation of 
the tangent at (1, 0) to the graph of y=a®—a is y=a—1. 
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It is easy now to form a mental picture of the shape 
near the origin of the graph of the equation 


y =ax+ ba. 


The first approximation, which represents the tangent at 
the origin, is y,=bx; the tangent has a right-hand upward 
slope if b is positive (like g’wq), but a right-hand downward 
slope if b is negative (like Q’OQ). If a is positive the 
curve lies above the tangent, but if a is negative the curve 
lies below the tangent. 

To make himself quite familiar with the shape, the 
student should draw the graph for different positive and 
negative values of a and b, for example for the values +1, 
+2, +3 of a and b. 


Ex. 1. Draw the graph of y=xz?—~ near the point (3, 6), and show 

that the equation of the tangent at the point is 
y=5ar —9. 

Putting 3+€ for w and 6+% for y, we shift the origin to the 
point (3, 6). The equation becomes 

6+n=(E+3"—(E+3) or n=5E+E% 

The tangent at the new origin is 7=5&, and the curve lies above 
the tangent near the new origin. To return to the old axes, put 2-3 
for € and y—6 for 7; we thus get 

y—6=5(@-—3) or y=5ar—-9 
as the equation of the tangent at (3, 6). 

Ex. 2. Draw the graphs of the following equations near the points 
indicated, and find the equations of the tangents at these points : 

(i) y=a2—2x; point (2, 2); (ii) y=(«#—2)(~—8); points (2, 0), (3, 0); 

(iii) y=(w - 1) (w—2); points (3, 2), (-1, 6); 

(iv) y=2a? —3x2+1; point (2, 3); 

(v) y=(w@—-1)(v—2)(w—8) ; points (1, 0), (3, 0). 


97. Point of Inflexion. Consider the graph of the equation 
y= — 0. 

Near the origin the first approximation is y= —a, re- 

presented by QY’OQ of Fig. 90. The graph of y=a*-—a@ 


near 0 lies close to Q’OQ. 
When « is positive, we have 


y= —v+a°= —a%+(positive quantity) ; 


234 ANALYTICAL GEOMETRY. [CH. XILL. 


but when « is negative we have, since 2° is now negative, 
y=—a+a2=—a2+(negative quantity) 
= —x—(positive quantity). 
Hence P’OP, the graph of «?—a# near the origin, is 
derived from Q’OQ by drawing a curved line close to QY’0Q, 
above it to the right of O and below it to the left as in 


Fie. 90. 


Fig. 90. In the figure, if OM=a, MQ=—a, QP=2', QP 
being a positive step since & is positive, then 
MP=MQ+QP = —-«+23; 
if OM’ =a, M’Q’= —2, UP’ =2', QP’ being now a negative 
step since & is negative, then 
MP = MY +P = —a4+2°%. 

P’OP touches Q’OQ at O and also crosses QY’'OQ at O. 
The origin is a Point of Inflexion on the graph of y=a*—a, 
and the tangent y= —« is an inflexional tangent (§ 77). 

The student should now work the following examples so 
as to recognise at once the shape of a curve near a point of 
inflexion. 

Ex. 1. Draw the graphs near the origin of 

(i) y=a8-Qe; (ii) y=a8 +r; (iii) y=28 422 ; 
(iv) y=a-a8; (v) y=2e7-—93; (vi) y= —4-2; 
(vii) y=aa + bu. 


on 2. Draw the graph of y=(#—1)(#—2)(#—8) near the point 
2, 0). ; 
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Ex. 3. Show that (1, 4) is a point of inflexion on the graph of 
y=«x — 34° +52+1, and that y=2xv+2 is the equation of the intlexional 
tangent. 


Ex. 4. Draw the graph of y=x—.* near the origin. 


98. The Polynomial for Small Values of x. Let the poly- 
nomial be written in ascending powers of x; the equation 
is thus of the form 


y =at bat cu + da? + cat + far pcececcereceees (1) 
Take a definite example, say 
Y =5 +20 —3ax?+ 4034 2a. oe eee esse (2) 


When «=0, y=5; without actually shifting the origin 
to the point (0, 5), we can see that the first approximation* 
to equation (2) when z is small is 


Ist app. RO AIMEE Seana deaefe tans 18s (3) 
The error in this approximation is — 327+ 403+ 2a; the 
ratio of the error to the term in « that has been retained is 
— 3a? + 4a3+ 204 

Qa 


The error is therefore small compared with 2x when « 
is small. 

To find a second approximation we retain the term — 32”, 
and write, denoting by y, the second approximation, 

2nd app. Yo ME SY — OU. lage Seoe vee stass (4) 

The error in this approximation is 4a°+2x*; the ratio of 
the error to the last term retained, namely — 32”, is 


4.03 + 2a4 ps 4, D) 4 
ae that is, — 3% — 5m. 

The error is therefore small compared with —3x? when 
x is small. 


, that is, n+ 20a 


* For small values of.x the value of y is nearly 5, and we might therefore 
say that y=5 is the first approximation ; but for our purposes we need 
approximations that contain x. If we shift the origin to (0, 5) by putting 
é for w and 5+y for y, the first approximation at the new origin is 
obviously 7=2£. Going back to the old origin by putting # for & and 
y -—5 for 7, we get y-5=2x or y=5+ 2x, which is equation (3). 
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We can now see what the shape of the curve is near the 
point (0, 5); see Fig. 91. A is the point (0, 5); BAC is 
the graph of the first approximation and is the tangent at 
A; DAF is the graph of the second approximation which 
_ is part of an inverted festoon and is convex upwards, lying 
below BAC on both sides of A. 

Close to A the graph of (2) cannot differ much from 
DAE; the difference LC, for example, between the ordi- 
nates of CO and H, when @ is the abscissa of each point, is 
3x2.and, as we have seen, the sum of the terms in (2) that 
follow —3a? is small compared with 3”? when @ is small. 
The corresponding point on the graph of (4) must therefore 
lie below C close to L. 


He 


au MV 


HBA} 
— EERE SS 
4! BEOAGA 


Fig. 92. 


Consider now a case in which equation (1) contains no 
term in x, but does contain a term in 2; that is, e=0, 
d==0. Take for instance 


a 5 2 a he oo dees n vewehesunnl (5) 


Near (0, 5) the first approximation is the same as before; 
but there is now no term in 2? to give us an approximation 
of the second degree in #—no second approximation. 
The graph of (5) must therefore, near A, lie much closer 
to BAC than DAE does. Denoting by y, the approxima- 
‘tion to (5), which contains the term in 23, and calling this 
the third approximation, we have 


3rd app. Yg= 5+ 204+ 408 = Yy, +403. eccccesseeeens (6) 
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The error is here 2x4, and is small compared with 42° 
when z is small. 

In this case A is a point of inflexion (Fig. 92), and BAC 
is an inflexional tangent. 

If in (1) e=0, d=0, e==0, then the graph of (1) near A 
resembles DAK (Fig. 91), but it lies much closer to BAC 
than DAF does. If e=0, d=0, e=0, f=|=0, the graph near 
A resembles FAG (Fig. 92), but it lies much closer to BAC, 
which is an inflexional tangent. 


Ex. Examine the shape of the curves given by the following 
equations near the points where they cross the y-axis. 
G) y=7-424+2°-224; (ii) y=7—4e+2'; 
(iii) y=7 —4a@4+43-Qa*; (iv) y=7—404+2°. 
99. The Rational Fraction for Small Values of x. We shall 
now consider a fractional function, say 
_ 2a? - 243 (1) 
Y=TepeE ee 


First arrange numerator and denominator in ascending 
powers of « and divide, continuing the division as far, say, 
as the term of the quotient in #. The integral quotient is 


3—4a4+ 3a? +23, 
and the remainder is —(47*+.°), so that 


we Aart +- a® 
a a sds fas eae, BPE 
=3—4¢+4+32?+23— RK, 
where R=(4a*+a°)/(1+0+«"). 


When «=0, y =8, and near the point (0, 3) on the graph 
of (1) zis small. From the value of &, we have 


lige se 

ee 1lta+ta 
When « is smail, the numerator of the fraction is small, 
and the denominator differs but little from unity; hence 
when « is small, R is small compared with x. Proceeding 


as before, we find approximations. 
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Ist app. Y,=3— 4x. (QWAQ, Fig. 93) 
2nd app. Yo=3— 40432" 

=Yy, +32". (P’AP, Fig. 93) 
3rd app. Y3=8—40 +32? + 0° 

=Yot a. 


The 3rd approximation is not shown in the diagram ; it 
could hardly be distinguished from the 
second. 

Thus, near the point (0, 3) the graph 
of (1) is a curved line which touches 
the line y,=3—4 and lies above it on 
both sides of the point. 

It is easy now to examine the shape 
of a curve near any given point on it; 
if the point is (h, k), we have the rule. 

Rule. Shift the origin to the point 


(h, k) by putting h+€ for « and k+n 
for y; then examine the shape of the 


\ 
Litt tT tot itt | curve, now given by the new equa- 
ale Sst 4) . fae 
rrEELELELLy| tion, near the new origin by the above 
pe ot I method. 
eRe Hee ty , ; 
Fic. 93. In next section we consider the form 


of a graph for large values of a. 


Ex. 1. Use Ascending Continued Division to find approximations 


to the following equations for small values of x, and graph the 
equations for such values. 


Ow y= 1 Gi) =: 
Gv) 9S @ ye, i ptt: 
(vii) y= 
Ex. 2. ‘ Find the equation of the tangent to the graph of yates 
at the point (3, 2). a-2 
Ex. 3. Prove that the part of any tangent to the graph of y=" 


intercepted between the axes is bisected at the point of contact. 
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Show that the equation of the tangent at (A, &) is 
y—k= —(w— hye, 
which, since Ak=1, may be written 


te 
At Rae 


100. Graph of a Rational Function for Large Values of x. 
We apply the method of Descending Continued Division 
stated in Note (ii), p. 206; our chief purpose is to see how 
the curve appears in relation to its asymptotes for large 
values of a. 


(A) Take first the equation fase ee which may be 
written 


1 
y=a+1+—. 


744 


HY 


Fig. 94. 


When =~ is large, we take as the first approximation* 
 Yy=e+1, 
which is represented by Q’Q in Fig. 94; Q’Q is an asymptote. 
*We take y,=x+1 and not y,=x, because when x tends to infinity 


y tends to x+1. For large values of x the curve runs close to the line 
given by y=a +1, while it remains at a finite distance from the line given 


by y=. 
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When a is positive, y= y,+(positive quantity); thus the 
curve appears at P, on the far right, above q. 

When @ is negative, y=, 4 (negative quantity); thus 
the curve appears at P’, on the far left; below Q. 


Ex. Show how the graphs of the following equations approach the 
asymptote y=a#+ lL. 


v+Kn- 1 hae = 1 
(i) y= 21, Gy yTtSS Gi y= 48 
: a + a? — 
(B) Take next the equation y= ieee —, which may be 
written ; 9 
DSR ag 


When @ is large, we take as the first approximation 
y=e+l, 
represented by QQ of Fig. 94; QQ is an asymptote. 
In this case, whether w is positive or negative 2/a? is | 
positive, and therefore y=y,—(positive quantity); hence 
the curve appears at p, on the far right, below Q and also 
at p’, on the far left, below Q. 


Ex. Show how the graphs of the following equations approach the 
asymptote y=7+1. 


w+ a ses 0 + a — 
(i) y= at (i) y= —— (ii) yt? 
(C) We shall take finally the equation 
_@—3ae+2 
Y= Boatl 


Apply the method of descending continued division, 
carrying the operation till the quotient contains at least 
one term with # in the denominator (that is, a term in 1/a); 


we find ee 3 
ea 8 <9) 
Bets ae ee 
93 = Oe) 
where oe x _@ x 


§ 100] ASYMPTOTIC APPROXIMATIONS. 241 


We need to compare R with ==, which is the smallest 


term of the quotient +1 -: when «@ is large. Now 


(2-5) 


tar) 


The numerator of this fraction is small when 2 is large, 
and the denominator difters but little from 3 for large values 
of «; hence, when z is large R is small compared with 3/a. 

Thus, when z is large, the first approximation is 

Yyz=e+I, 
represented by QQ of Fig. 95; Q’Q is an asymptote. 


V5 ey 
a J 3 
? WA 
Fie. 95. 


The second approximation is 
3 3 
Uomo Meas Yi 


When « is large and positive, y,=y, —(positive quantity), 
but when « is (numerically) large and negative, y,=y, 
+(positive quantity). Hence the curve appears at P, on 
the far right, below Q, and at /’, on the far lef t, above QW. 

The graph is shown in Fig. 95. It will be a good 
exercise for the student to verify the form of the curve by 
examining the shape at such points as (1, 0), (0, 2), (—2, 9), 
and by plotting a number of points on the graph. 


G,A.G, Q 
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101. Worked Examples. We shall now work two ex- 
amples to show how by applying the methods just indicated 
we may obtain fairly accurate graphs. 


Ex. 1. y=a(xe —1)(x—2). 
(i) Near the origin. Yy=X>— 3x? + 2x. 
Ist app. %,=2v; draw the line BOC in Fig. 96. 
Qnd app. y_.=2v—-37?=y, — 3x"; draw the graph touching BOC at 
0 and lying below BOC on both sides of O. 
(ii) Near the point (1, 0). Put «=€+1, y=. 
Then n=(E+1) EE-1)=85—€. 


SunRy VoEETODETEDEESESESaecETey Gazz 

PEER EE PEHEEEE 

|} Fae Peo 

seees POSES ESEEOCEEUOGETSTGaTTacazTt 

Poo ~ eee eee one 

SEeUSESSUEERESESESEEEG!ESnGEE 

TT] BREEZE CR ETPRA AES OR SRS 

Eb SREBEAE 

| FEE ace /eacEnal 

2 | | RSE RARER? ROGER 

ann Hoo cee 

PENN 

as Vi w 

Ae NL, Feeee ABRZESIBAEE 

SEEESEEEELACGEEETED /GETTEDEESE 

ACCS EEE 

EERE Sa 

s Pocus PUGET ESBS LOBES TEEEEETE 
saveduevevetsereraere 


Scceatiaite 


Ist app. 7,=—&; draw the line HDF in Fig. 96. 


2nd app. = —§ +8=n 48; draw the graph touching EDF at D 
and lying above it to the right of D and below it to the left. 


(iii) Near the point (2, 0). Put w=€4+2, y=y. 
_ Then n=(E+2)(E4+ DE=8 4324 26, 
Ist app. ,=2&; draw the line W@K. 


2nd app. ».=26+8E; draw the graph touching HGK at G 
lying above it on both sides of Gs. a me oe ae 
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(iv) Plot the points 
Q(—0°5, —1:9), R(0'5, 0°4), S(1°5, —0°4), 7(2°5, 19), 
and complete the graph in the usual way. 

Ex. 2. ei) 

7 I~ 7-9 
By Ascending Division, we find y=} —}.c?— la... 

(i) Near the origin. 
Ist app. n=53 draw BOC in Fig. 97. 


2nd app. y=5-= ; draw the graph touching BOC at O and yng 
below it on both idea of O. 


Fic. 97. 


(ii) Near the point (1,0). Put c=§+1, y=; then 


Gt ~§—9€2 — 963 
- Ist app. 7=—&; drawZDF. 


and app. y= —§-2E&?; draw the graph touching LDF at ky and 
lying below it on both sides of D, 
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(iii) Near r=2. Put r=£+2, y=7; then 


1st app. Tay ; mark GH and AZ in the diagram. 
(iv) When w is large. By Descending Division, we find 
2 
Y=Ut ti ten. 
Ist app. y,=7+1; draw MN. 
2 2 ne ; 

= == —>5 rK C S the d é . 

Qndapp. y=c+l1 ee. mark PQ and AS in the diagram 


(v) Plot guiding points, and complete the graph in the usual way. 


EXERCISES XXVI. 


1. Draw the graphs of the following equations near the origin : 
G) y=22— 2? ; (ii) y= —-w?-2; Gil} =a; 
(iv) y=x+23; (v) 2y=3e — 4.23. 
2. Draw the graph of 
(i) y=2+2+2" near (0, 2); (ii) y=2+.2r+.2° near (0, 2); 
(iii) y=2—a%—23 near (0,2); (iv) y=2v—.2* near (0, 0). 
3. Use the methods of change of origin and successive approxi- 


mation to draw the graphs of the following equations, plotting selected 
points to give the graph precision : 


(i) y=(@-1)(w-2)(w—3)5 (ii) yaa®(w— 1; 


(iii) y=n(w-1); (iv) y=a%(w-1)(e+9) ; 
(v) y=a8(n—1) ; (vi) y=r(142°)(1-42) ; 
(vii) y=(w@+1)(w +2); (viii) y=(a2-1)(22— 4). 


4, Find the equations of the tangents to the curve y=a®—3x7+2 


at the points (—1, 6), (0, 2), (2, 0), (8, 2). Draw these tangents and 
make a graph of the equation between «= —- 1 and «=3. 


5. Draw the graph of y= —2u0°4+3xv—2 by examining the form of 
the graph near chosen points. 


6. Prove that y=x-1+ 
_2(@+1) i2ikh : a(v+1) 
= 2 when 2 is large. Draw the graph of ig PRACT WN 


2. i 
z elves the approximate form of 


~~ 
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7. Prove that y=«/4+.27/4 gives the approximate form - of 
a(«v+1)/ : 5 ‘ 
I= e4ayP when w is small, and Maal ee me the approximate form 
a(a+1P 
(v+2)" ; 


8. Draw the graph of y=(27?—2+3)/(a?+u+1) when wv is small, 
and also when « is large ; complete the graph by plotting a number 
of points. Prove that the straight line y=3—4 touches the curve at 
(0, 3) and cuts the curve again at (—3/4, 6). 


when wv is large. Draw the graph of 


L+e+2 


9. Find the equation of the tangent to the curve CE mares) 


at the point (1, 2). 

Shift the origin to the point (1, 2) by putting r=&4+1, y=n+4+2, 
and then use Ascending Division; the linear approximation to 7 
gives the tangent (§ 99). 


10. Find the equations of the tangents to the following curves at 
the points specified and the shapes of the graphs near the points : 


(i) y=(22? —7+1)/(a@?-—2#+2) at (1, 1); 
(ii) y=a(w—1)l(w-2)? at (3, 6); 
(iii) y=2?(a—1)/(a+1) at (2, 4); 
(iv) y=(14+e+*)(1-—x2+2") at (1, 3); 
(v) y=(10x2 — 382-+37)/(3x2—107+9) at (2, 1). 
11. Use the methods of change of origin and successive approxi- 


mation to draw the graphs of the following equations, plotting guiding 
pvints to give precision to the figure : 


@) y=23, i y=, itt) yp -“ 
pik Ap —9 ; yp — 2)2. 
(y= Fares MyBO: wa 


‘ w+atl 
12. Verify the following table for the equation ya 
use it to draw the graph of the equation : 


, and 


-2}-1] 1] 2] 3 


ao | small | large | —3 


1492/2, app. | 7/13 | 3/7 | 1/3 | 3 | 7/3 


13/7 


y | 1420+ 2x, app. 
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=] 
13, Verify the following table for the equation 4 ye 
and use it to draw the graph of the equation : 


2 | nearly 1 | nearly 2 


| n= —§+2&, app. 


n=6/3— &/9, app. 


ax 


| small | large | 3/2 | 4 | - 12 | 


y | 2—2—2x*, app. | 1-2/x, app. | ek! 


6/13 | 15/7 | 10/7 


14, Verify the following table for the equation y= CoG 
and use it to draw the graph of the equation : 4 


z | nearly 1 | nearly 2 


| n= —1/6, app. | n=3/6, app. 


x | small | large |-1/2 | —4 | 3/2 | 


y | 1/2+4/4+52?/8, app. | 1+2/zx, app. | 7/15 


7/10 | a7 | 13/6 


15. Verify the following table for the equation ye Sse 
and use it to draw the graph of the equation : ir ee 


Me | nearly 1 | nearly 2 | nearly 3 | nearly 4 


| = — §/6+ 2/36, app. | n=¢/2+52/4, app. | n= —2/E, app. | =6/é, app. 


x | large | 9 | -1 | 32 | 52 | 72 | 5 | 
y } 1+4/x, app. | 1/6 | 3/10 |= 1/15| 1 | -15 | 6 | 12/7 


16. Prove that (2, 1) isa pont of inflexion on the graph of 
Y= -—@+ 6a? -112+7, 
and find the equation of the inflexional tangent. 


17. Find a point of inflexion. on the graph of 


| 


| y =2a8 — Ba? — 12a +18, 


and et that the -inflexional tangent meets the graph in three 
coincident points. | | | 


fe 
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18. Prove that the line y=2(7+1) meets the graph of 
Y=X? —3x? +5041 


in three coincident points. Draw the line and the graph in the 
neighbourhood of the point of contact. 


19. Prove that the point (3, 0) is a point of inflexion on the graph 
a —52+6 - 
a —324+3° 
draw the graph and the tangent in the neighbourhood of the point 
of contact. 


OL y= find the equation of the inflexional tangent, and 


a , D) . 
20. In the equation y= put w=E+h,y=n+k; use 


Ascending Continued Division, and determine /, & so that the point 
(A, k) may be a point of inflexion on the graph of 


| y = (8x? — 240+ 22)/(4a0? — 8x+7). 


[CH. XIV. 


CHAPTER XIV. 


DERIVATIVES OF POLYNCMIALS. MAXIMA AND 
MINIMA. 


102. Gradient of a Graph. In tracing a graph accurately 
it is almost essential to know the position of the turning 
points. When a polynomial is expressed in factors it is 
fairly easy to find, at least approximately, the position of 
the turning points, but the case is altered when the poly- 
nomial is not in factor form. 

The student will have noticed that at a turning point on 
the graph of a polynomial the tangent is parallel to the 
a-axis, though the tangent at a point may be parallel to 
the a-axis and yet the point not be a turning point. For 
example, the w-axis is a tangent to the graph of a at the 
origin, but the origin is a point of inflexion, not a turning 
point. We must, however, seek for the turning points 
among those at which the tangent is parallel to the a-axis, 
and we therefore give now a method of finding an expression 
for the gradient of the tangent at any point on the graph 
of a polynomial. The gradient of the tangent at a point 
on a graph is often called the gradient of the graph at that 
point; we shall see how much additional power in forming 
a mental picture of the graph is to be obtained by a 
knowledge of the gradient. 

When the origin is shifted to a point on the curve, the 
equation takes the form 


n= a€ +bé+higher powers of €, 
and the coefficient of € in this equation is the gradient 


of the tangent at the new origin. We shall apply this 
transformation to’the graph of a polynomial. 
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rE y=axn"+ba+e. 
Shift the origin to the point (h, &) on the graph by 
writing h+€ for « and k+y for y; we obtain 
k+y=a(h+éP+b(h+é)+e 
= ah? +bh+e+(2ah+b)é+a€. 
But k=ah?+bh+e since (h, k) is on the curve, so that 
eve = (20RD) EF OE? 6. eseceseseseeiev (1) 
The gradient at the new origin is therefore (2ah-+b), 
that is, the gradient at the point (h, i) when the curve 
is referred to the old axes is (2uh+b). But (h, k) is any 


point on the curve; we may therefore write x, y in place 
of h, k, and we now have the 


Rule. The gradient of the graph of y=aa?+bate at 
any pont on it whose abscissa is x is 
ESS RD Aa rales tier Deel erie (Ia) 


it y = 0a? + ba? +ca+d. 
Shift the origin to any point (/,k) on the curve; we 
obtain ; 
k+n=a(h+éy+bvhn+éyt+e(h+é)+d 
= (ah + bh? +ch+d)+ (Bah? + 2bh +¢)E+(8ah +b) &+a€, 
and therefore, since k=uah?+bh?+ch-+d, 
n= (30h? + 2bh+-¢)E+ (Bah +b) E+ d€?. ......00. (2) 
Hence, the gradient at any point (h, /) on the curve is 
(3ah?+2bh+e), and we can state the 
Rule. The gradient of the graph of y=ax>+ba? +cun+d 
at any point on it whose wbscissu 18 & V8 
BO a DOA Cie, Metts csnce 59 ain (IIa) 


ML yar" be ot? +... 4+p0" qn +r, 
where 7 is a positive integer. 


The student who knows the Binomial Theorem will have 
no difficulty in proving, by the same method as in I and I, 
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that the gradient of the graph of equation III at any point 
on it whose abscissa is @ 1s 


nac"-t+(n—1)ba"-24+(n—2)ca" 2 +...4+2pa+gq. ...(IIIa) 


Equations I, II are the cases of HI for which n=2, 
n=3 respectively. The following points should be noted: 

(i) The absolute term, c in I, d in II, rv in III, does not 
appear in the gradient. (What is the graphical explanation 
of this ?) 

(ii) Any term in the gradient is obtained from the corre- 
sponding term in the polynomial by multiplying by the 
index of the power of « in that term and then subtracting 
1 from that index. 


Thus the term 262 in (IIa) is obtained from the term 6x? in II by 
_ multiplying bz? by 2 (which gives 2bx) and then subtracting 1 from 

the index 2 (which gives 2bv). The terms bz, ex, gx in I, II, III 
give b, c, q respectively. 


Ex. Verify the expression for the gradient in the following cases : 


Polynomial, Gradient. 
2. jl 
ee Qa. 
Like na, 
av+b. a. 
aw—Qr—1. 2x2 — 2. 
327 — 5x2 —7. 6x —5. 
10+ 174-422. 17 — 82. 
a — Hart +9, 3x7 — 102. 
204+ 162% —Qa+1. 823 +4822 —2. 
(w—1)(«—2)(x-3). 322-120-411. 
x(x? —1)(a — 4), 5at—15x?+ 4. 
(w—a)(v— 6). (a —a)(3x%—a—2b). 
(a—a)"(x—b). (w— a)" 4(n+1)2—a—nb}. 


103. Derivatives. The expressions that have been found” 
for the gradient are called the derived functions or, more 
briefly, the derivatives of the polynomials. Thus 2aa+b 
is the derivative of aw-+ba-+te. 

When the polynomial is represented by a single letter, 
as y, or by a functional symbol, as f(x) or F(a), the 
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derivative is often denoted by the single letter with an 
accent, as y’, or by the functional symbol with an accent on 
the functional letter, as f(a) or F(a). 
Thus if y=aaz*+brt+e, then y'=2axr+b; 
if f(v)=az*+be+ce, then f(x)=2av+6. 

Sometimes the derivative is expressed by the letter D 
(the first letter of the word “ derivative”) placed to the left 
of the polynomial, which is enclosed in brackets ; thus 

D(a? +bx+ce)=2ax+b. 

The value when w=a of the derivative f(a) is denoted 

by #(@). 
Thus if f(2) = 403 — 5x? +2, 
then /(x)=1227—-10x; f(a)=12a?-10a; f(1)=2;. f($)=—-2. 

If the independent variable of the function (or the 
abscissa of the curve) is denoted by some other letter than 
x, say by wu or t, the derivative is of course formed by the 
same rule; for example, 
if y=auw*+bute, yi =Dy=2aut+b; 
and if y=at+bt+c, y'=Dy=2at+b. 

When we wish to indicate in the symbols y’, Dy which 
letter is used for the independent variable, that letter is 
placed as a suffix: thus, y/,, Dry, Yu, Duy. 

Ex. 1. If f(v)=2-—3x+1, for what values of « is f(z) zero? 

Sf (@)=82? —-3=3(4—-1)(a#+1). 

The values of « for which f(z) is zero are therefore the roots of the 
equation 3(# —1)(e+1)=0. 

The required values are therefore 1 and —1. 

Ex. 2. If f(v)=a(v—-1)(#—2), for what values of a is f(x) zero? 

f(2)=03 —30?+20, f(£)=3x?—-6x+2. 
The required values are the roots of the equation 
372-67 +2=0, 

namely ae, that is, 1577 and 0423 approximately. 
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Ex. 3. Find the equation of the tangent at the point (1, 5) on the 


ee Y =P — BEAD, coeccceeccersecenecnenecneneeenees (3) 
The equation of the line through (1, 5) with gradient m is 
Y — B= MW 1). ce eran reerseneereeneneeeecnensens (ii) 
The gradient ’ at the point on the curve whose abscissa is w is 
given by the equation y' =322— 102, 
and this equation gives y’=—7 when «=1. The value of m in (ii) is 


therefore —7, and the required equation is 
y-5=—-—7(e@-1) or Ta+y=12. 

In the same way the equation of the tangent at any other point on 
the curve may be found. Thus at the point on the curve whose 
abscissa is 2, that is, at the point (2, —3) on the curve, the value of 7 
is —8; the tangent at (2, —3) is therefore the line through (2, —3) 
with gradient —8, and its equation is 

yt3=—8(@-2) or y=—8r+13. 
Ex. 4. Find the equations of the tangents to the following curves 
at the points on the curves whose abscissde are given : 
(i) ys =52=7 35. ged, a3. 
(iit) 2py=a7 5 2=Qp, c=h. 
(iii) y=(w@—1)(w—2)(e@-38); x=0, 1, 2, 3, 4, —1, -2: 
(iv) y=(v-—a)(e—b); xw=a, r=). 
(yok =o OF eb ee 


nia" na om 
If a®y=2", then y'=—, = — =, 
: lage OR Ot: 
When w=6 and y=c the gradient is nc/b, and the tangent is 


2c 


y-C= - (7-6) or by=nex—(n—1)be. 


The value of ¢ is, of course, b"/a", but the equation is often more 
useful when if contains both the coordinates of the point of contact. 


Ex. 5. The equation of the tangent at the point (a, f(a)) om the 
graph of y=f(x) is -y— f(a) =(w—a) f(a). 
: When =A, y=f(a) 5 when w=a, the gradient (2) is equal to f(a). 
The tangent is therefore the line through (a, f(a)) with gradient f(a). 


104. Use of the Derivative in Curve Tracing. We shall 
work one or two examples to illustrate the use of the 
derivative in curve tracing. We first note the following 
properties of a curve that must be familiar to the student. 

(1) If the gradient at a point P on a curve is positive 
the tangent at P has a right-hand upward slope; a point. 
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moving along the curve in the direction of increasing 
abscissa (from left to right) will as it passes through P be 
moving wpwards as well as to the right. On the other 
hand, if the gradient at P is negative, the point will be 
moving downwards as well as to the right when it passes 
through P. Hence if the tracing point move so that its 
abscissa increases, it will move upwards or downwards 
according as the derivative is positive or negative. 

(2) If the gradient at P is zero the tangent at P is 
parallel to the x-axis; the tracing point is for the moment 
moving neither up nor down, and P is, as a rule, a turning 
point. 

If immediately to the left of P the gradient is positive 
and immediately to the right negative, then the point rises 
as it approaches P and descends after passing P; P is a 
turning point, and the ordinate at P is said to be a maximum. 
The ordinate at P is greater (algebraically) than any other 
ordinate near P and on either side of P. 

On the other hand, if in approaching P the gradient is 
negative and after passing P positive, the tracing point first 
descends and then ascends; P is still a turning point, but 
the ordinate is now a minimum—less (algebraically) than 
any other ordinate near P and on either side of P. (See 
the remark in Ex. 1.) 

The gradient at P, however, may be zero and yet P may 
not be a turning point; it may be a point of inflexion. 
As a rule inspection of the ordinate near P, or, preferably, 
of the gradient near P, enables us to decide easily whether 
P is a turning point or not. 


Ex. 1. Find the turning points on the graph of 

y=alw—1)(0—2). 

The graph is shown in Fig. 96, p. 242. In $103, Ex. 2, we have 
seen that the gradient is zero when =1°577 and when #=0'423 ; 
the corresponding values of y are —0°385 and 0°385. The points 
S’(1:577, —0°385) and £’(0°423, 0°385) are the turning points; at S’ 
the ordinate is a minimum and at Ra maximum. These points 2’ 
and S’ are near the points & and S of the figure. 

Note that the ordinate at R’ is not the greatest ordinate of the 
curve ; it is a maximum because it is greater than any other near tt. 
Similarly the ordinate at S’ is a minimum, though it is obviously not 
the Zeast ordinate of the curve, 
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Ex. 2. y=f(e)= 203 — 3x2 —-12"+-10. ~ 
Here f(a) = 62? — 62 —12=6(4#+1)(w— 2), 
and the gradient is zero when e=—1 and when #=2. The points at 


which w has these values are probably turning points; in any case 
they are useful as guide points for the discussion of the graph. 


Draw up the table : 


x | -o.| 3] -28 -2| -1| 0 | i | 2 | 3] 4] + 
Fie) | +20 | 60 | 405 24 o| -12| -12 0 | 24 | 60 | +2 
y | -2 | -35 -10| 6 | 17| 10 | -3 | -10| 1 | 42| + 


It is quite clear from the table that the points (—1, 17), (2, — 10) 
are turning points, but the table gives much more information. The 
table suggests that as « increases from —a to —1 the gradient is 
positive, and therefore that the tracing point steadily rises from the 
extreme low left to the position (—1, 17). Examination of the gradient 
confirms. the suggestion; because if # is negative and numerically 
ereater than 1 both «+1 and v—2 are negative, and therefore /(2), 
which is equal to 6(7+1)(#— 2), is positive. 


Fra. 98. 


From v= —1 to x=2 the gradient is negative ; therefore the tracing 
point now descends till it reaches the position (2, —10). After passing 
this position the gradient is always positive ; therefore the tracing 
point now steadily rises and moves off to the right and upwards to 
infinity. We thus have a complete description of the way in which 
a point traces out the curve, 
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It is easy now to draw the curve. When plotting the points it is 
well to draw a short length of the tangent at the point; near its point 
of contact the tangent practically coincides with the curve. The 
graph is CA BG (Fig. 98). 

We can also solve, approximately, the equation 


2x3 — 322 -—127+10=0; 


the curve crosses the w-axis where v has the values — 2°22, 0°76 and 
2:96 approximately, and these are the roots. 


At a point of inflexion the gradient has a turning value. 
Thus, on the graph of a (Fig. 68, p. 184), the gradient is 
positive, but decreases as we pass along the curve from 
P’ to O, where it is zero; as we continue along the curve 
from O towards P the gradient is again positive and 
increases. It has therefore a turning value, zero, at the 
point of inflexion O. Similarly, in Fig. 90, p. 234, as we 
pass along the curve from P’ to P the curve gets steeper 
as we approach O, but on passing O the curve becomes less 
steep; the gradient has again a turning value at O, not 
zero in this case. 

Now when we have found the derivative of a function 
we can draw its graph, and to every turning point on this 
graph will correspond a point of inflexion on the graph of 
the given function. The graph of the derivative of a 
function is called the derived curve of the function; the 
graph of the function itself may be called the primitive 


curve. 


Ex. 3. Find the point of inflexion on the graph of the equation 
Y= (2) =la — oat — 12a 10: 


The derivative of f(x) is 62?—6r—12 and the graph of. this 
derivative, F’/’G’ in Fig. 98, is the derived curve of YG. The points 
F and F' have the same abscissa, and these are called “ corresponding 
points” of the two curves. Similarly A and A’, J and J’, etc:, are 
corresponding points. The ordinate of /” measures the gradient 
at #; thus the gradient at /, where «= —2, is 24, and this is the 
ordinate of F’. (In plotting the derived curve it will usually be 
necessary to choose a new scale unit for the ordinates, but the scale 
unit for the abscissae should always be the same; both scales are 


the same in Fig. 98.) , jase 
Let us, for the moment, denote the gradient or derivative by g ; 


then g=62°-6x—12, g'=127—6, 
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Here g'=0 when «=. The point /'(3, — 133) on the derived curve 
is a turning point on that curve; therefore the corresponding point 
I(4, 34) on the primitive curve is a point of inflexion on that curve. 

Similarly, the abscissa of the point of inflexion on the graph of 
Example 1 is given by D(32?—6r+2)=0 or 62—6=0 or x=1; the 
point (1, 0) is therefore the point of inflexion. ; 

The gradient, denoted above-by g, is the derivative of the function 
y or f(z), and therefore g’, the derivative of g, is the derivative of the 
derivative of y; g' is called the second derivative of y. The second 
derivative of a function is denoted by two accents, 7” or f(a) ; thus, if 

y= (x) = 223 — 3x? —12% +10, 
then oy =f'(x)=622-—62—-12; 7’ =f"(z)=127-6. | 

We might in the same way form third and higher derivatives ; 
thus in the above examples the third derivative is denoted by y” 
ov f(a) and v'”=12. 

In distinction from higher derivatives y' is called the first 
derivative. 

Using the second derivative, we have now the following rule: 

The abscissae of the points of inflexion on the graph of T(«) 
are, in general, the roots of the equation /’(a)=0. 

We say “in general,” because a value of « may be a root of /’(7)=0 
and yet not give a point of inflexion ; for example, if /(v)=.*, then 
f(#)=12a", but the origin is not a point of inflexion on the graph 
of 2. In all cases, however, the abscissa of a turning point on the 
derived curve is the abscissa of a point of inflexion on the primitive 
curve. 

Note. The results given in questions 11 and 12 of 
Exercises X X VII. are very important. Thus, for No. 11, 


we have 5 


hee et ae ey SE 
t= hehe TREO 
But k=a/h since (h, k) is on the graph of y=a/a, and 
ee the first approximation near the new origin 
$99) is i 
a 
i — aah 


so that the gradient there is —a/h. Hence the gradient at 
any point on the graph of a/x is —a/a*. The function 
—a/x* is called the derivative of w/a. (Compare §§ 102, 103.) 

The result in the case of y=a/x" shows that the 


Na 


Heriouts po; : whee 
erivative of — is a If we use negative indices, then 
we have 


D(ax-")= —naax-"-1 


$$ 104, 105] POINT OF INFLEXION. 257 


which shows that the rule for forming the derivative of a 
power (§ 102) holds for negative as well as for positive integral 
indices. 


EXERCISES XXVII. 
Trace the curves given by equations 1-10; state their turning 


points, their points of inflexion, and the values of x at which they 
cross or touch the x-axis. 


1. y=72? —12x—10. 2. y=154+ 62-22. 
3. y=22(4—2). 4, y=20° +32?2-1274+6. 
5. y= —3a7-+ 1. 6. y=2?-—744+3. 
7. y=s' —- 823+ 152°+42-20. 8. y=324—8234 622-10. 
9. y=ax'—423 —42°+1624+21. 10. y=o5—5244+5234+10. 
11. Show by shifting the origin to the point (A, 4) on the graph of 
y=, that the equation takes the form 


R 


n= 3 €+higher powers of €, 


and then prove that the gradient of the graph of y=" at any point on 


° 2 . “ a 
it whose abscissa is 7 is — = 


12. Show, as in Ex. 11, that the gradients of the graphs of 


pee i ee 
Mo GOs er poh ae GA 


where 7 is a positive integer, are respectively 


2a Bi7 na 
3? ae gmt 
Deduce that the gradient of the graph of 


ar er, Wxod ee "OF 2e 3d 
UR OT git gt gt ae ae 


13. Find the turning points on the graphs of equations 9-19, 
Exercises X XIII. 


105. The Tangent and Coincident Points. In preceding 
sections we have found the equation of a tangent by using 
the method of successive approximations ; there is another 
method that is of great use which we shall now consider. 

Suppose a straight line J to meet a curve at two points 
A and B. Move J so that these points of intersection 


G.A.G. R 
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come nearer and nearer to each other until they coincide, 
say at P; the line J is now a tangent and P is its point of 
contact. It does not matter of course how the points 
A and B are taken on the curve to begin with, provided 
they come together at P; both of them might be distinct 
from P (Fig. 99 (a)), or one of them, A say, might coincide 
with P (Fig. 99(b)). The line Z might also meet the curve 
at other points than A and B; for example, at C. The 
tangent will also in that case meet the curve at the point 
D, to which C has shifted. 


(2) 
Fic. 99. ‘ 

Let us now consider the algebraic counterpart of this 
way of regarding the tangent. The coordinates of the 
points A and B are obtained by solving the equations of 
the line and curve as simultaneous equations. Suppose for 
simplicity that the line and curve never intersect In more 
than two points; then so long as A and B are distinct the 
equations will give two unequal values for the a of the 
points, but when the points coincide at P there will be only 
one distinct value for « The equation for x will still be 
of the second degree, but it will have its two roots equal. 


Take, for example, the equations 


Y=O0 0) steae. () 2 g=2— 374 eae. (2) 
Solving these as simultaneous equations, we find the equation for 2, 
Dee — BH C= Ol nerctee jee oek eee eee (3) 


This equation gives the abscissae of the points in which the line (1) 
cuts the curve (2), and it has in general two unequal roots; to each 
root the equation (1) gives the corresponding value of y, so that we 
obtain the coordinates of the two points of intersection, Gigs Shi) 
(%2, Yo), Say. 5 

_By giving different values to c, we make the line (1) move into 
different positions (the different lines being parallel in this case). 

Now let us move the line until it becomes a tangent ; the two roots 
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of equation (3) must then become equal, and we know that the roots 
of the equation will be equal if 


64=8(1—c) or c=—7. 


Equation (1) now becomes y=5—7, and this is the equation of the 
tangent. 


Note that when c= —7, equation (3) is still a quadratic equation, 
2a*—8x+8=0 or 2(%—2)(7—2)=0; 
each root is now 2, and when c=—7 equation (1) gives for each of 


these equal values of x the equal values 3 and 3 for y. In other 
words, we now have 7,=#,=2 and y,=7,=3, and (2, 3) is the point of 
contact. 
Again, the points in which the line y=3 — 4x intersects the curve 
_ 22? -24+3 

I~ B+atl 
are obtained by solving these as simultaneous equations. The 
equation for wv is 

(3—427)(a?+2+1)=20?-7+3 or 2?(474+3)=0, 

so that z=0 twice and «= — once. The solutions of the simultaneous 
equations are therefore 7=0, y=3 twice and «= —#, y=6 once. The 
line therefore touches the curve at the point (0, 3) and intersects it 
again at the point (—, 6). 


The conception of equal roots of an equation and of 
coincident points on a curve, though at first sight artificial, 
is really very natural. In general, a line meets a curve in 
two or more distinct points, and the equation that deter- 
mines the « (or, if we please, the y) of the points has two 
or more distinct roots; but we may move the line so that 
two of the points become coincident, and then two roots of 
the equation become equal. The graphical interpretation 
of the coincidence of the points and the equality of the 
roots is that the line is now a tangent, though it may of 
course intersect the curve elsewhere. We are thus led to 
the following definition. 


Definition. The tangent to a curve at a point P on it isa 
line which meets the curve in two coincident points at P. 


The algebraical form of this definition is as follows: 

If the equations of a straight line and a curve, regarded 
as simultaneous equations, have a solution which appears 
twice, then the straight line is a tangent, and the repeated 
solution gives the coordinates of the point of contact. 
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Ex. 1. Find the equation of the tangent at the point (1, 1) on th 


graph of the equation YH DH? — BEAD crrcccsesenttececcvecnsneconsetes (i) 
The equation of any straight line through (1, 1) is of the form 
ee al) aebars tomes stes smeecieseencs sess (ii) 
Substituting from (ii) in (i), we have the equation for 2, 
Qu? —(m +38) e+ (M+1)=0. .....02-000neeceserseee (iii) 


If equation (iii) has equal roots, we must have 
(m+38)—8(m+1)=0 or (m—1)?=0. 

Therefore m=1 (twice). Putting 1 for m in (iii), we see that 7=1 
twice, and therefore by (ii) y=1 twice. The required equation is 
thus y=. : ; 

Why should the equation for m give m=1 twice? The reason is 
that in general we can draw two tangents to the graph of (i) from 
a given point, but if, as in this case, the given point is on the curve, 
the two tangents coencide. Compare Ex. 2. 


Ex. 2. Find the equations of the tangents from the point (2, 2) to 
the graph of the equation 


Y= 2a — BBL n. cocacsavogescaveesiescsencosteate (i) 
The point (2, 2) is not on the curve. Any line through (2, 2) is 
given by = Dawn (w= Dd sinwosvusantntiate teen cee (ii) 


Solving (i) and (ii) as simultaneous equations, we get for the abscissae 
of the points in which line and curve intersect, 


Qa? (m+ 3) wD 0, Livan ses caweumveseseartor (iii) 


The line will be a tangent if the roots of (iii) are equal, and the 
condition for equal roots is 


(m+3)Y—16m=0 or (m—1)(m—9)=0, 
so that m=1 or 9. 
If m=1, equation (iii) gives 2=1 twice and then (ii) gives y=1 
twice ; one tangent is therefore y=, the point of contact being (1, 1). 
If m=9, equation (iii) gives e=3 twice, and then (ii) gives y=11 
twice; the other tangent is therefore y=9xv—16, the point of contact 
being (3, 11). 


Ex. 3. Find the equation of the tangent at (1,0) to the graph o 
the equation 


pam e = 1) Cr +B), ocd. ceseiba donc omens (i) 
Any line through (1, 0) is given by 
YEA) oodavence Staab aetan este tae gas (ii) 


Solving (i) and (ii) for the abscissae of the points of intersection, 
we get the equation 


m(a—1)=x("-1)(@-2) or (e—1)(x®?—2e2—m)=0. ...... (iii) 
One root of (iii) is 1, and as the line is to be a tangent at the point 
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(1, 9), a second root of (iii) must be 1. But 1 will be a root of 
xz? —2x—m=0 if m=-1. Equation (iii) now becomes 
(w—1)(x-1)(#—-1)=0, 
so that in this case there are three equal roots. The point (1, 0) is 
a point of inflexion and y= —x+1 is the inflexional tangent. 
Thus we see that the inflexional tangent meets the curve in three 
coincident points at the point of inflexion. 


Ex. 4. Find the equation of the secant through the points («,, Y;) 
and (£2, Y2) on the conic 1g SY eae by COR G APO oom OAS ee ACRE OD (i) 


and deduce the equation of the tangent at (,, 7). 
The equation of the line through (2,, ¥,) and (x2, y) is 


Dee Sea Gy (ii) 
1a iE EERE OS REE, 
Now introduce the condition that the points lie on the conic (i) ;, 
we have axe+by2=1, ane +by2=1, 
and therefore PA ee iad rt et Pid ane mee Eee (iii) 
Multiplying the left side of equation (ii) by a(v?—.,?) and the 
right side by the equal quantity — b(y,?—¥y,”), we get 
a(%, +22) (4 -2y)= — OY, +42) (Y-J1)s 
that is,  a(ay+4)v+b(y,+Yo)y = any + by)? + aaa, + byys 
or BL AL )EAD (YyH Yo) Y = LH Aah + DY Yay -vreecevececevereens (iv) 
since ax,?+by,2=1. (The student should verify equation (iv) by 
showing that this linear equation is true provided (a, 7,) and (a, 7) 
lie on the conic ; the equation is therefore independent of the parti- 


cular method by which it was obtained.) eae 
To find the tangent put v,=., and y,=y, in equation (iv); we get 


Qax 2+ 2yy=1+ar7+ byZ=14+1 


or ana +byyy=1. 
Ex. 5. Determine c so that the straight line 
SURI = W) tatig tre ancatcos sat splersansnnant (i) 
may be a tangent to the curve given by the freedom equations 
Bat LA) PHC (EAL) s wsssde aernssecsesenscannse (ii) 


The values of ¢ for the points of intersection of line and curve are 
obtained by substituting in (i) the values of # and y given by (ii); thus 
3t(¢-1)-2¢(¢+1)+e=0 or —5t+c=0. .......c0e (iii) 
The roots of (iii) will be equal if the line is a tangent. Hence 
25=4e, and the equation of the tangent is 
124 — 8y + 25=0. 
The point of contact is given by equations (ii) when ¢=5/2, the 
double root of (iii) when c=25/4; the point is (4°, 3). 
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106. Some Theorems on Roots of Equations. The follow- 
ing theorems are often needed in discussing tangents and 
turning values. 

The Quadratic Equation. It is proved in all books on 
elementary algebra that the quadratic equation 

ax +ba+ce=0 
has its roots (i) real and unequal, (ii) real and equal, 
(iii) imaginary, according as (b?—4ac) is (i) positive (not 
zero), (1i) zero, (iii) negative. This expression b’—4ac is 
called the discriminant of the quadratic equation. | 

The Cubic Equation. If we have the cubic equation 
in the form OPE Git 29 ED) Se even ene (c) 
the expression 4q3 + 277° 
is called the discriminant of the equation. A cubic equation 
has always at least one real root (the coefficients g, 7 being 
supposed real). Two of the roots will be equal when the 
discriminant is zero and the value of each of the equal 
roots, is —37/2q. 

We may prove this theorem as follows. If equation (c) has two 
equal roots, then w+gx+7 must have a squared factor, («—/)*, say. 
Divide a°+qu+r by (v—k); the integral quotient is a2+hr+(+q), 
and the remainder is #+gk+7, which must be zero. Therefore 

Bp ghe PSO iter ates ead meee (i) 

The quotient must be again exactly divisible by (z—*), and there- 

fore the new remainder, 3k2+ , must be zero, so that we have 
S224 ges. arl iach edn a (ii) 

But, by (i), &(#?+q)=—7, and therefore, by (ii), k= —3r/2g. Sub- 

stitution in (ii) now gives 
9 
4g? 

It is easy to show that when 49g?+27/2=0 we have 

w+qrtr=(e42") (a =); 


=-thq or 49°+277°=0. 


| q 
so that the roots of equation (c) are — mii PA) 
2q° 29 g 


When the discriminant is negative the three roots of the 
cubic (c) are real and different, but when the discriminant 
1s positive two roots are imaginary and one real. 
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These results may be proved in the following way. 
If y is a turning value of w3+gx+r, then (§ 107) the equation 
Pagar = 7 On. eo inet yektions. ote (1) 
considered as an equation in v, must have two equal roots. The point 
(z, y) is thus a turning point on the graph of 
Y=OR+qL+T ; 

therefore we must have Dy=0, that is, 3a2+q=0, .......scsccececeeeee (2) 
so that, when (, y) is a turning point, equations (1) and (2) hold 
simultaneously, and the turning values are the values of y given by 
equations (1) and (2). 

To find y we have, first by (1) and then by (2), 


3 Se 
WA ae ee ied. a 
(r—-yP=28 + 29e*4+ 2? = oat ana? 
; 1 as 
or of? — 2ry + 57 (49° ie) =O Recactha ostetn seater ters (3) 


If y, and y, are the two roots of (3), it will be readily seen from 
graphical considerations that equation (c) will have three real and 
distinct roots if, and only if, y, and vy, have opposite signs. Hence in 
this case the product 7,7. must be negative, or, since the factor 1/27 is 
positive, 4g?+277? must be negative. 

If equation (c) has two imaginary roots, 7, and vy, must be of the 
same sign, so that the product 7,72 and therefore also 4g?+277r? must 
be positive. 


If equation (c) has two equal roots, either y, or y, must be zero, 
so that the product 7,7. and therefore also 4g°+27r* must be zero, as 
has been proved otherwise. 

The cubic equation 

cokes Ey aks OY 1 en a ed | Pe EP (c’) 
becomes, when €—1~ is put for a, 
E+ (q-3P Et Grp’ —spqtr)=0. 

The discriminant of this cubic, and therefore also of the 
cubic (c’) is 4(q—Ap?)?+27(2,p?-—kpqtry, 
which is equal to 

4q° + 2777 + 4p°r — p’q? — 18pqr. 

If this expression is negative, the roots of (c’) are all 

real and different; if it is zero two of the roots are equal, 


and if it is positive two are imaginary and one real. — 
The graph of ax?+6bx+e will intersect the x-axis in two 
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different points if the roots of the equation az+bx+e=0 
are real and different; it will touch the axis if the roots 
are equal, and will not intersect the axis at all if the 
roots are imaginary. But just as we say that the equation 
has two imaginary roots instead of saying that it has no 
roots, so it is convenient to say that the curve in this case 
cuts the «#-axis in two “imaginary points,” the abscissae 
of these points being the imaginary roots of the equation 
ax?+be+c=0. In a similar way curves are said to inter- 
sect in “imaginary points” when the equations that 
determine the coordinates of their points of intersection 
have imaginary roots. For example, the circle and the 
straight line given by the equations 
“+y?=6, e+y=4 

intersect in the two imaginary points (2+/—1, 2—/—1). 
and (2—/ —1, 2+/—1). 

If an equation with real coefficients is satisfied by the 
imaginary number a+b,/(—1), it is also satisfied by the 
conjugate imaginary a—b,/(—1). Hence, if the imaginary 
point (a+b / —1, e+d,/—1) lies on a real curve} so does the 
conjugate imaginary point (a—b/—1, e—d/—1). It is 
easy to show that the line joining the two conjugate points 
is real, the equation of the line being formed by the same 
rule as when the points are real; the equation is 


d(a—a)=b(y—c). 


107. Turning Values. Maxima and Minima. We may 
discriminate maximum and minimum turning values of an 
ordinate by the following considerations. When a straight 
line is drawn parallel to the w-axis it will usually cut a 
curve in two or more points. Now suppose such a line 
to move up or down while remaining always parallel to 
the x-axis. When the line approaches a turning point 
of the curve two of the points of intersection come near 
each other, and when the line reaches the turning point 
these two points of intersection will become coincident ; 
the line will ascend to reach a maximum and descend to 
reach a minimum turning point. The ordinate of the line 
when the two points of intersection coincide has a turning 


‘Imaginary, then y, is a 


§§ 106-108] MAXIMA AND MINIMA. 265 


value; if further ascent causes the two points of inter- 
section to become imaginary, the turning value is a 
maximum, while if further descent causes the points of 
intersection to become imaginary the turning value is a 
minimum. 

Translating these graphical considerations into analytical 
form, we have the following rule: 

Let f(x) be a given function of w Find a value of y 
such that the equation /(x)—y=0, regarded as an equation 
in z, may have equal roots; if y, be any such value, and 


if, on deurenieiue y, a little, two (or an even number) of 
the roots of the corresponding equation f(x)—y=0 become 


maximum 
minimum 

As has been pointed out in § 104, the tangent at a 
turning point is parallel to the z-axis, but it is possible 
for the tangent at a point to be parallel to the z-axis, 
and yet the point may not be a turning point. 


turning value of f(x). 


108. Calculation of Turning Values. The following ex- 
amples show how the above rules are applied. It may be 
noted that the turning value of a quadratic function 
ax*+bxz+e is the ordinate of the vertex of the parabola 
which is the graph of the function (§ 95, Ex. 1). 

Ex. 1. Find the turning values of #(~—1)(w—2).  . 

Let. y=2(x—-1)(a@—2)=2°—32?+2x; then the equation to be con- 
sidered is a? — 302+ 22-—y=0. 

Comparing this equation with equation (c’) of § 106, we see that 
p=—3, g=2 and r= —y, so that the discriminant, D say, is 

D=32 + 2772+ 108y — 36 — 108y = 27? — 4. 

D=0 if y= +2/3,/3, and D becomes positive when 7 becomes greater 
than 2/3,/3, and also when y becomes less (algebraically) than — 2/3,/3. 

The turning values are therefore 2/3,/3 (a maximum) and — 2/3,/3 
(a minimum). Compare § 104, Example 1. 


. : 20? —2+-3 
Ex. 2. Find the turning values of FEES 
2a? — ee aE 
Let y= and treat this as an equation in z, namely, 


(2-y)a®—-(1+y)e+(3—y)=0. 
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The discriminant D of this equation is 
D=(1+y?-4(2-—y)(8-y) = — 39? + 22y — 23. 

The roots of the equation D=0 are 6-07 and 1°26 approximately, so 
that D=—3(y—6'07)(y — 1°26). 

The graph of —3(y—6:07)(y—1-26) is an inverted festoon, the 
abscissa of any point on this graph being denoted by y. D becomes 
negative when y becomes greater than 6°07, so that 6°07 is a maximum 
turning value; D becomes negative when y becomes less than 1°26, 
so that 1:26 is a minimum turning value. 

In discussing the sign of a quadratic function the method explained 
in the Examples to § 95 will be found useful. 


‘Ex. 3. An open tank is to be constructed with a square base and 
vertical sides to hold a given quantity, a cub. ft., of water ; show that 
the expense of lining the tank with lead will be least when the depth 
is half the width. 

Let the side of the square base be x ft. and the depth of the tank 
y ft.; the capacity of the tank will be xy cub. ft., and this is constant 
and equal to a cub. ft., so that # and y are connected by the equation 


BPG ee hs haweg ts seen ee (i) 

The expense of lining the tank is directly proportional to the 

surface to be covered, and this surface is (#?+4ay) sq. ft.; we have 

therefore to find when (27+ 4ry) isa minimum. Denote this quantity 

by z, and substitute for y the value a/z given by equation (i); we 
then have to consider the equation 


z=ar4 Or a eat Aaa Oo ee ee cone (ii) 

Comparing with equation (c) of § 106, we find g= —z, r=4a, so that 
the discriminant D is given by the equation 

D= — 48+ 4820? =4(108a2 —#). ccceccecascesessstee (iii) 

D=0 when z=4/(108a?) and, when z is a little less than 3/(108q?), 


D is positive, so that ./(108a*) is the minimum value of z. 
Denote the minimum value by z,. When z=z, equation (ii) has 


two equal roots, and the value of each of these is — vee or = (§ 106). 
Let #,=6a/z,, then the corresponding value y, of > is alae ; y, and 
a, give the depth and the width when the expense of lining is least. - 
Now hi _ 2%, @ az _108a?_ 1 
2, «2° wi 216) 21603 2 

by inserting the values of #, and z,. Thus y,=}2,. 


In the next set of Exercises various examples are given 
which require the formation of an algebraic expression like 
that denoted by z in Example 3 above; indeed the chief 


§ 108] USE OF THE DERIVATIVE. 267 


difficulty of such problems usually lies in the correct choice 
of the independent variable x When the gradient can be 
found, the procedure shown in § 104 for finding turning 
values may be used. 


Thus, in the tank problem, we have, by equation (ii), 


Vg i) 
=a +, 
and we find for the derivative of z, 
4a 2(x3—2a) 
pha Seep 


Z= 27 5 
e 


Dz=0 when #=,3/(2a), and Dz changes from negative to positive as 
a changes from a value that is a little less than 2/(2a) to a value that 
is a little greater than_X/(2a). Hence z is a minimum when a= 8/(2a). 
But, by (i), when v=8/(2a) we find y=4%/(2a). Therefore when z is 
a minimum, ¥=4$2, or the depth is half the width. 


EXERCISES XXVIII. 


1. Calculate the turning value of #?—2x—1 (see Fig. 70). 


2. Prove that the graph of y=(2-—.)/(v—1) has no turning value 
(see Fig. 77). 


3. Calculate the turning values of the following functions, and 
the corresponding values of x : 


(i) 22-2 (Fig. 89) ; (ii) w+14+ - (Fig. 94); 
(iii) BENE (iv) ete 
Ge: eae ray 

i) oaaaa) 


4, Calculate the turning values of the following functions : 
oe 2 , 
(i) #°(v—2) (Fig. 78); (i) +1 Pan (Fig. 94); 
w0) D—-3BL+2 pp. 

——— . 95). 
(iii) eats (Fig. 95) 

5. If (hf, &) is a turning point on the graph of y=/(”), find the 

forms of the first approximations to the equation of the graph when 


the origin is shifted to the point (4, 4), (1) when &£ is a maximum 
value, (2) when & is a minimum value. 
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6. Shift the origin of the graph of y=«%(x—3) to the point (2, — 4), 
and then calculate the turning values of 2(x—3), stating which is a 
maximum and which is a minimum. 


7. What change of origin will transform the equation 
y=(e-1)(e-2)(e-3) 


into an equation of the form 7»=§*+g&? Find the point of inflexion 
on the graph of the equation, and calculate the maximum and minimum 
values of (#—1)(#—2)(#—38). 


8. If (x—k) is a squared factor of v3—422—y=0, calculate the 
value of &, and the corresponding values of y. Hence find the turning 
values of the graph of y=2*(cx—4); and determine from a rough 
graph which is a maximum and which is a minimum, 

A PLAS : a+a+l 

9. Find the discriminant of the equation ee eae 
an equation in 2, where y is known. Draw a rough graph of how 
the discriminant varies as y varies, and find the turning values of 
(a? +2+1)/(a?-x#2+1). 


regarded as 


10. Find the discriminant of the equation 
¥y=(x2? +38x+1)/(x?+6r+1) 


regarded as an equation in w, where y is known. Drawa rough graph 
of how the discriminant varies as y varies, and find the maximum and 
minimum values of (v?+4+38x+1)/(#?+6x2+1). 


11. Find the greatest rectangle that can be inscribed in a triangle 
ABC of base a and height A, one side of the rectangle lying along BC 
and two vertices falling on AB, AC respectively. 


12. A shepherd has a length Z of netting with which to fence three 
sides of a rectangular piece of a field, the fourth side being formed by 
a dyke already made. Find the dimensions of the rectangle which 
contains the greatest area. 

If part of the netting has to be used to divide the area into two 
rectangles, the division being at right angles to the dyke, what would 
be the dimensions for the greatest area ? 


13. A length 7 of wire is to be cut into parts; one part is to be 
bent into the form of a circle and the other into the:form of a square. 
In what ratio must the wire be cut if the sum of the areas of the 
circle and the square is the greatest possible ? 


14, From two points A, B on a straight line two straight lines 
AX, BY are drawn perpendicular to AB and on the same side of AB; 
C is a point between A and B such that AC=a and CB=b; from 0 
two straight lines CD, CE are drawn at right angles to each other to 
meet AX at Dand BY at Z. If AD=z, find the value of x 
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(i) when 4D+ BF is a minimum ; 
Gi) when D# is a minimum ; 
(iii) when AD+ DE+ BE isa minimum ; 
(iv) when the area of the trapezium 4 DEB is a minimum ; 


(v) when the sum of the areas of the triangles ADC, BCE 
is a Minimum ; 


(vi) when the area of the triangle DCE is a minimum. 


15. Through the point A (a, 6) in the first quadrant a straight line 
is drawn cutting the axes OY, OY on the positive side of the origin O 
at B, C respectively. Find 

(i) the minimum value of the area of the triangle OBC ; 
(ii) the minimum value of OB+0C; 
(iii) the minimum value of BA. AC; 
BA.AC 

BC? * 

16. A straight line of given length is divided into two parts so that 
twice the square on one part with thrice the square on the other part 
is the least possible ; find the ratio of the two parts. 


(iv) the maximum value of 


17. A, B, C, D are the vertices in order of a variable quadrilateral 
such that AB=CD=a, a constant, and AC=BD=b, a constant ; 
prove that BC+ AD is least when ABCD is a rectangle. 


18. The perimeter of a triangle is given, and the length of one side 
is twice that of another. Show that the ratio of the shortest side to 
the perimeter lies between } and 1, and that the area is greatest when 


this ratio is (11 —V13)/36. 
19. Prove that 5? > 4x*—1 for all positive values of «. 


32-1> 


20. Discuss the inequality ~— > =1. 


21. Find the maximum and minimum values of the ordinate of 
the curve ay (a+y)+a2+y2=0. 

22. Verify that y is a maximum or minimum at the points (1, 1), 
(2, 2) on the curve e+y3—9ay +6r+Ty -6=0, , 
and discriminate between the alternatives. 


23, Investigate the maximum and minimum values of the following 
functions : : 
. v?—Art+T , ny e+ 6e— 11 | wey D7+20743 | 
ag a eae e fo St) peas: 
.. 82+ 7742 , 8v74+10r7+2, , w—Q0+3 
(iv) Frpeet3) =) “aeyanga? ©) aryen+3 
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24, If the expression 
an? +2ha+b 


ax? +2h'a+0' 
be capable of all real values for real values of 7, prove that 
al’ <h® and (ab'—abP<4(ah—ah’)(bh'—Wh). 


aaz?+bate 
ca" + bata 
all values whatever if b?>(a+c)*, that there will be two values 
between which it cannot lie if 4dac<b?<(a+c), and two values between 
which it must lie if b?<4ae, 


25. Prove that for real values of w, 


will be capable of 
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CHAPTER XV. 


APPROXIMATE SOLUTION OF EQUATIONS. 


109. Real Roots of an Equation. If f(x) is an integral 
function of « the real roots of the equation f(«)=0 can be 
found roughly by graphing the equation y=/(a) and read- 
ing off the abscissae of the points where the graph meets 
the x-axis. 

In Fig. 70, p. 190, is shown the graph of y=a?—2a2—-1 


for the range from «=—1 to =3. From the graph we 
see that 2:41 and —0'41 are approximations to the roots 
of the equation eee is OY) 


By now choosing larger scale units and making an 
entirely new graph of the equation y=a?—2a—1 in the 
neighbourhood of «=2'41, we might obtain the correspond- 
ing root to more than two decimal places. A third graph 
with still larger scale units would lead to a still closer 
approximation to the root, and so on. But once a real 
root has been “delimited,” a more expeditious method is 
available, which will now be explained. The method will 
be first applied to the solution of a quadratic equation, 
so that the student may have the whole process under 
control, the ordinary method of solving a quadratic equation 
and the graphing of a quadratic function being quite 
familiar. 

110. Approximate Solution of a Quadratic Equation. Let 


the equation be Foe Oy a NY 
Denote the function «?—2xa—1 by f(x) and graph the 


equation y=f(«) (Fig. 70, p. 190). A real root of the 
equation f(~)=0 is seen to lie between 2'4 and 25; in 
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technical language one root has been “delimited.” We 
want to find a closer approximation to this root. 

The gradient of the graph is 2a—2; near a=2°4 the 
gradient is positive and increases with x Let AB 
(Fig. 100) represent the graph from 7=2'4 to r=25; the 
origin O is not shown on 
the diagram. M is the 
projection of A, and NV 
that of B on the a-axis; 
P is the point where the 
are AB and Q the point 
where the chord 4 B crosses 

Fic. 100. the x-axis. OP represents 

the exact value of the root 

we are seeking and OQ an approximation to it; we have 
now to calculate OQ. 

Let MN=h, MA =—a’, NB=V’, the numbers h, a’, b’ being 
all positive (the ordinate MA is negative). Now the 
triangles AMQ, BNQ are similar, and therefore 


MQ_QN 
Sia 1 Bi 
But each fraction is equal to =e that is, vor 
Theref a teny 
nerefore MQ eae 


We have also 
OM=24, MA=—a’=f(2°4)= —0-04, 
ON=25, NB= b'=f(25)=+0-25, 
MN=ON-—OM=011, 


so that h=01, a’=0-04, 0/=0-25, 
and therefore MQ= ae =0°014, 


0Q=0M+MQ=2-414. 


In obtaining this approximation we take the point Q 
at which the chord AB crosses the a-axis as approximately 
the point at which the are AB crosses; hence the name 
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of the chord rule by which this method of approximation is 
known. The substitution of the chord AB for the are AB 
enables us to calculate MQ by means of the proportion 
MQ:MN=qa':a'+0, 

and this method of calculating MQ is spoken of as the Rule 
of Proportional Parts—a rule that is extensively used in 
connection with all mathematical tables. The rule was also 
frequently spoken of by older mathematicians as the Regula 
Falsi, or the Rule of Falsehood, or the Rule of False Position. 

We can now go on to closer approximations, by taking 

2°414 and 2-415, instead of 2°4 and 2°5. We have 

f(2414) = =0:000604, (2°415) = +.0-:002225, 

so that the curve crosses the a-axis between the points 

for which «=2°414 and ~=2°415. We now take 
OM=2'414, MA=f(2'414)= —0-000604, 
ON=2:415, NB=f(2°415)= +0-002225, 
MN=ON-OM=0001, 

so that now 

h=0°001, a’ =0:000604, b’=0-002225. 

Putting these numbers in the formula for MQ, we get 

wh 
MQ Mag 0-000 BP 
OQ = OM+ MQ =2:4142135. 

When a = 24142135 we find by calculating f(x) that f(x) 
is negative; when 2=2'4142136 it will be found that 
f(a) is positive. .We have therefore found the root with 
an error that is less than one unit in the 7 decimal place. 
The result can be confirmed by solving the quadratic in 
the ordinary way. Step ty 

We could now proceed to a closer approximation if that 
were wanted. 


Ex. Find correct to 4 decimal places the real roots of the 
following equations : 
(i) 22-22 -2=0; (ii) 7a? +5e2-1=0; (ili) 4x?-92+3=0 
by the use of graphs and the chord rule, and verify the results by 
solving the equations algebraically. 
GAG, 
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111. Use of two Graphs. In delimiting the real roots of 
an equation it is often advisable to use two graphs. 
For example, let us try to find the number of real roots 


of the equation 
De it — D0, 2.0.00 don creeae omen oan (1) 


and to obtain rough approximations to their values. 
Write the equation in the form 
a —a= —x+2, 
and then graph the equations 
=P, Y= —2+2 


with reference to the same axes and with the same scale 
units for the two curves (Fig. 101). The graphs have only 


ao 

Ke A-HM++ BS 
Sccccestttiit 
eee, H 


Fig. 101. 


one point, P, in common, and for that point y,=y,. If a 
is equal to OM, the abscissa of P, then : texts 


MP =y,=a'—«a?, because P is on the graph of y, ; 
MP=y,=—a+2, because P is on the graph of yp. 
Therefore 
a@—a=—a+2 or a—a?+a—2=0, 
that is, a is a root of equation (1). 
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Again, the graph of y, crosses the v-axis at A, where v=1, 
and the graph of y, crosses at B, where e=2. The root a 
thus lies between 1 and 2. 

We have thus shown that equation (1) has only one real 
root, and we have delimited the root. 


Ex. 1. Prove that the equation 
2 — 277+ 24—-3=0 

has only one real root, and that it lies between 1 and 2. 

Ex. 2. Prove that the following cubic equations have only one real 
root, and delimit the root : 

(i) #+z2-—3=0; (ii) #-—27-5=0; (iii) vw +a2?+1=0; 
(iv) #+27-1=0; (v) 23—-22?+5x—-6=0. 

Ex. 3. Find the number of real roots of the following equations, 
and delimit each root : 

(i) 2-—3e—5=0; (i) 1023-107?4+1=0; (iii) 23-—322-27+1=0; 

(iv) #$-—#?+x2-2=0. 


112. Combination of two Graphs and the Chord Rule. 
Having delimited a root by the use of two graphs, or by 
any other method, we can apply the chord rule to find closer 
approximations. If the equation to be solved is f(~)=0, we 
first find two numbers, a and b say, between which a root 
lies; the expressions f(a) and f(b) will have opposite signs. 

Take the equation 

F(a) =a? —2?+2—2=0. 

We have seen (§111) that this equation has only one 
real root, and that it lies between 1 and 2. Now the 
gradient of the graph of f(x) is given by 

f(a) = 30? —2e+1. 

When w=1, f(x)=2, and when w=2, f(x)=9; as a 
increases from 1 to 2 the gradient increases steadily from 
2 to 9, so that the curve rises pretty rapidly. Before 
applying the chord rule we try to obtain a closer delimitation 


of the root. 

We find, by trial, that f(~)=—0193 when w=1°, and 
f(w)= +0184 when «=1°4, so that the root lies between 
13 and 1°4, 
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The figure and relations of §110 will apply here. 
OM=13, MA=—a'=f(13)=—0199, 
ON=14, NB= v'=f(14)=+0184, 
MN=ON-—-OM=01, 


so that h=01, a =0193, b'=0184, 
‘h ; 
and therefore MQ= ar ay =0°051, 


0Q=0M+MQ=1351. 


To test this approximation, as well as to prepare for 
a closer approximation, we calculate the value of f(x) for 
e=1:351 and «=1°352. We find, to 4 decimal places, 


f(1'351)= —0-0084, f(1°352) = — 00046. 


Both 1:351 and 1°352 are too small, and we must go on 
calculating f(«) till we find a positive value. 


#(1'353)= —0:0008, £(1:354) = +.0:0030, 


so that the root is 1353, correct to the third decimal place. 
We might now take the values 


h=0001, a’=0:0008, b’=0°0080, 


and calculate the new value of MQ. It will be found that 
the root lies between 1°35320 and 1°35321. 


113. The Tangent Rule or Newton’s Rule. There is 
another rule which is so generally useful for the solution 
of equations, whether algebraic or transcendental, that we 
shall give it here; it was stated by Newton. 

In Fig. 100, if we draw the tangent BT at B it will 
fall between the ordinate NB and the curve PB, and if T 
is the point where B7' crosses the x-axis, O7' will obviously 
be a better approximation to OP than ON is. If then 
ON be taken as an approximation, we take O7' as the 


nae better approximation, and we shall now calculate 
OT. 
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NB : 
We have TV gradient at B=, say; 


therefore TN NB Ss o 
m mM 
and OT=ON—TN=ON—D’'/m. 


Apply this to the equation of $112, taking ON=1'4 and 
b’=07184. We must calculate ae or. adient at B. 
f@)=¢—2?+a2—2, f(x) =82?-WwFl1; 
therefore (§ 103) the gradient at B is f(1'4)=4-08. 
We now find 
b’ 0-184 


OF = ON a tli oper ee 355. 


We now begin over again, taking 1°355 instead of 1:4 
as the value of ON and (1355) or 00068 as the value 
of 6°. The new value of m may be taken as 3°8, and we get 


07 = ON — 7 21355-20088 _ 1.3539, 


It will be found that /(1°3533) is positive and (1°3532) is 
negative. If we go on to a further approximation we 
must take 1°3533 to be the value of OW so that B may be 
above the axis and B7 may fall between VB and the curve. 


114. General Statement of Rules. We shall now state the 
chord and tangent rules in general terms. 

Chord Rule. Let a real root of the equation /(x)=0 lie 
between a and b, the numbers f(a) and f(b) being therefore 
of opposite signs; in the diagram (Fig. 100) we have 

OM=a, MA=f(a); ON=b, NB=f(b); MN=b—a. 

The equation of the chord AB is 


y— f(a) LOL @ — a, 
When y=0 we have ~=0Q; therefore 


my esiria) 
O88 FE) =a 
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If a is the approximation we begin with, then the term 
Sere 
70)— fae” 
is the correction which we add to a to get the next 
approximation. 
The value for OQ may also be written 


OOS = Lays 


FO)-H@ 
and-if b is the approximation we begin with, then the term 
—f(b) 


aes. a) 
is the correction which we add to b to get the next 
approximation. 

Since f(a) and f(b) are of opposite signs, one of the 
corrections is positive and the other negative; it is a 
mere matter of convenience which of the formulae for OQ 
we take. 

Tangent Rule. In Fig. 100 the tangent BT falls between 
the curve and the ordinate at B, and we are thus certain 
that 7 is nearer to P than WV is; if we draw the tangent at 
A, and if that tangent crosses the z-axis at 7’, we cannot 
be certain that 7” will be nearer to P than M is. But the 
tangent rule depends only on the abscissa, the ordinate 
and the gradient at one end of the arc AB; the abscissa is 
the first approximation that we start from. 

Attention to the following statements will lead in all 
cases to the choice of the end of the are that will give 
the correct approximations. 


(i) f(a) and f(b) must be of opposite signs. 
(ii) f(#) must not vanish as @ varies from a. to b. 
(i) f’(«) must not vanish as x varies from a to b. 


It will be a good exercise for the student to show that 
condition (i) secures that there is one root between a and b, 
and that condition (ii) secures that there is only one. The 
third condition secures that there is no point of inflexion 
between A and B. 
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Now let B be that end of the arc at which f(x) and f(x) 
have the same sign; then the tangent will fall between the 
ordinate NB and the curve AJB, and we shall have, in 
the notation of § 113, 


OT=O0N—- 


ordinate at B_ b (db) 
gradient at Bo f'(by 
The equation of the tangent at B is 


y — f(b) =(a—b) f(b), 
and when y=0, «=OT7; this gives another proof of the 
above value of OT. 

In applying the rule we must verify at every stage that 
f(b) and f(b) have the same sign; f’(~) must not change 
sign, by (iii) above; and therefore if the ordinate at B is 
positive to begin with, it must at each subsequent stage be 
positive ; if negative to begin with, then always negative. 


EXERCISES XXIX. 
Find to 3 or 4 significant figures the real roots of the equations 
1=8. 
1. #-27-5=0. 2. #+xe2-3=0. 3. 22°+6r-3=0. 
4, 323-4¢7-5=0. 5. —2?4+2¢%-3=0. 6. #°4+z?-1=0. 
7. t!—22+x%-2=0. 8, 2a*-3x-—4=0. 
9. 


Calculate the root of the equation 
at —4¢3 —47?+1627+10=0 
that lies between 2 and 3. 
10. Calculate the root of the following equation that lies between 
es a — 1292+ 122 —3=0. 


11. A sphere of radius unity is divided by a plane into two parts 
whose volumes are in the ratio of 1 to 2. Show that the distance x 
of the plane from the centre of the sphere is a root of the equation 
303 — 97 +2=0, 
and find wz. 

12. A hemisphere of radius unity is divided into two equal parts 
by a plane parallel to the base. Show that the distance # of the 
plane from the base is a root of the equation 

a —3x2+1=0, 
and find «. 


[CH. XVI 


CHAPTER XVI. 


ASYMPTOTES. 


115. Division by Zero. To divide a number a by a 
number « is to find a third number which, when multiplied 
by z, will give a. If, however, x happens to be zero, there 
is no such third number unless a@ is also zero. The working 
rules of algebra are carried out on the assumption that the 
product of two numbers is zero when one of them is zero. 
If then w is zero, the product of w and any other number is 
zero, so that if @ is not zero there is no number which 
when multiplied by « will give a, and therefore there is no 
answer to the question, “What is the quotient of a by 
zero?” If, however, a is itself zero and a also zero, then 
any number whatever will, when multiplied by , give a; 
in this case there is no definite answer, and the symbol 
0+0 has really no meaning at all. It is perhaps worth 
noticing that even if we assume, for the sake of argument, 
that the symbol 0+0 can have a definite numerical value, 
we should land ourselves in all sorts of absurdities. For 


ere, 8x0=0 and 9x0=0; 
therefore 8x0=9x0; 
therefore 8x0+0=9x0+0; 
therefore 8x (0+0)=9 x (0+0). 


Now divide by the “number” 0+0, and we find that we 
have proved that 8 is equal to 9. 

We have therefore to exclude division by zero from the 
algebraic operations. It is possible, however, in certain 
cases to give a useful interpretation of a quotient, which in 
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the course of an investigation is in general quite definite, 
but for some particular relation of the variables of the 
problem assumes the form a+0. 

In preceding sections (e.g. §88) we have tacitly assumed 
that the form 1+0 means “ infinity,” and have used the sym- 
bol co for infinity ; the circumstances in which this symbol 
was used showed clearly enough its graphical interpretation, 
and that was all we were concerned with. In all the cases 
the process was essentially that of allowing the denomi- 
nator « of a fraction such as 1/x to become smaller and 
smaller, tending to zero. As « gets less and less, 1/a gets 
greater and greater, and the corresponding point on the 
curve goes further and further off; we say that when x=0 
the point is “at infinity,” and we then say that the symbol 
1+0 represents the “number” infinity. But this “number” 
is not a number in the same sense that 2 is a number, any 
more than “infinity” is a point in the same sense that 
A in Fig. 77 is a point. The circumstances in which the 
symbol a+0 arises are essential to the whole matter, and 
we now give some illustrations of the utility of this “ideal 
number” and of the way in which it arises in investiga- 
tions. 


116. Infinite Root of a Simple Equation. Let B (Fig. 102) 
be the point (0, 6) referred to rectangular axes X’OX, 
Y’OY; the number 6 is sup- 
posed to be not zero. Through 
B draw the straight line of 
gradient a to meet X’OX at 
ee 

The equation of BP is 

NE Un ee ee (1) 

To find OP, we put y=0 
and solve the resulting equa- 
tion for x; 
thus aa +b 


which gives g=—-, OP 


provided a is not zero. 


282 ANALYTICAL GEOMETRY. [CH. XVI. 


Now, as @ gets smaller and smaller, OP gets larger and 
larger; the line BP turns about B and the point P moves 
off, say to the right, along X’‘OX. When a is very small 
a is very large and P is very far off. 

When a=0, equations (1) and (2) take the forms 


UP ie oh ie i 0.72+b6=0...... (2) 


Since b is not zero, equation (2’) has no solution; but 
the fact that equation (2’) has no solution corresponds 
with the geometry of the case because, since a=0, the 
line BP is now parallel to X’OX, and therefore does not 
meet it. 

We may now, however, as a convenient form of speech, 
say that (2’) has a root, namely o, and, correspondingly, 
that BP, when it is parallel to X’OX, does meet it, not 
at any ordinary point, but “at infinity.” To say “two 
straight lines meet at infinity” means exactly the same 
thing as to say “the two straight lines are parallel.” 

As an example, consider Fig. 33, p. 90. We proved that 
the line A’C’B’D’ is cut by the rays OA, OB, OU, OD of the 
harmonic pencil O(A BCD), so that (A’B’C'D’) is a harmonic 
range; we may therefore write 


nO Out a Al Dy A ai Pi 


aR DPS py (3) 
But A’D'= A’B’+ BD’, so that 

AD Ae 

BD By th ceeeeeneeeneeneee (4) 


Now turn A’B’ about C’ till it is nearly parallel to OD; 
the ratio A’B’/B’D’ is now very small, so that, by (4), 
A'D’'/B’D is nearly equal to 1, and therefore, by (3), A’C’/C'B’ 
is also nearly equal to 1. When A’B’ is exactly parallel to 
OD, AB’ and OD “meet at infinity”; D’ is now called “the 


point at infinity” on A’B’, the ratio = or, as it is some- 


/ 


: ; iA" 00, 
times written, Po is exactly equal to 1, and therefore the 


ratio A’C’/C'B’ is also equal to 1, so that C’ is the middle 


S§ 116, 117] THE POINT AT INFINITY. 283 


point of A’B’. In fact, A’B’ is now X’Y’, which (§ 45) is 
bisected at OC. It is convenient to use the phrase 
“(X’Y’C’a ) is a harmonic range.” 

If the student goes back to § 4 he will see that the posi- 
tion-ratio AP/PB of a point P with respect to the base 
points A, B is never equal to —1 for an actual point, but 
continually approaches —1 as P gets further and further 
away from A and B; —1 is the value of Aw /o B, or (as 
above) Ao /Boo is equal to +1. 

If C is a point that is not on the line AB, and we speak 
of the line joining C to “ the point at infinity” on AB, then 
we mean the line through C parallel to AB; every other 
straight line through C meets AB in an actual point. 
Hence it follows that any number of parallel straight lines 
may be spoken of as “intersecting” or “meeting” at 
infinity ; a system of parallel straight lines is a system of 
concurrent lines, the poimt of concurrence being the point 
at infinity on each line. 

Though this mode of speech may seem strange, the 
student should practise it; he will soon become convinced 
of its advantages and will see that it involves no contra- 
diction with the ordinary propositions of geometry. He 
must, however, always remember that the point at infinity 
on a straight line is an “ideal” point, just as infinity is an 
“ideal” number. Further, we must assume that there is 
only one point at infinity on a straight line and not two. 
BP (Fig. 102) can be turned so as to be parallel to X’OX, 
whether P move along OX or along OX’. When BP is 
not parallel, it meets X’OX in only one point, and we must 
assume that when it is exactly parallel it still “meets” 
X’OX at only one point. 


117. Infinite Root of a Quadratic Equation. Let a quad- 
ratic equation be written in the standard form 
ax? +ba+tc=0; 


— b?—4ac —b—,/(b?—4 
then Te O-F a oO) or te ae) 


provided a is not zero. Let us transform the expression 
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for the first root so as to see its behaviour when @ is sup- 
posed to be very small. We have 


—b4+J@—4ac)_[—b+/(—4ac)]f— b—,/(b?—4ac)] 


2a 2a[ —b—./(b? —4ac)| 
ie 2c 
~ —b— f(b —4ac) 


When a tends to zero, ,/(b?—4ac) tends to ,/(b?) or b, and 
the root tends to —c/b. 

Again, when a tends to zero, the numerator of the second 
root tends to —b—,/(b?) or —2b; the numerical value of 
this root therefore becomes greater and greater as a gets 
nearer and nearer to zero. 

If then a is exceedingly small, one root of the quadratic 
equation is nearly equal to —c/b, and the other is ex- 
ceedingly large. We are thus led to the following mode of 
speech. 

Eathon a=0, one root of the quadratic equation 


On? 4: baie 0 cree i AR eee (1) 


is —c/b and the other root is infinite. 

Of course it may be said, and said truly, that if a=0 
equation (1) is not a quadratic, but is a simple equation, 
and therefore has only one root, namely —c/b. But the 
advantage of this other way of stating the matter lies in 
the fact that when, in treating a problem, the language of 
infinite roots is introduced, a quadratic equation, and not a 
simple equation, is the general expression of the relations 
implied in the problem, and the infinite root has a definite 
geometrical interpretation. We may say that we make 
use of the infinite root when a quadratic equation “is in 
question ” or “is expected.” (See § 118.) 

If a=0 and also b=0, while ¢ is not zero, then both roots 
of the quadratic equation are infinite. 


118. Geometrical Illustration. Consider the graph of 
the equation 


y=atl+= Or Py =O 04-1 cacesesccaen (1) 
represented in Fig. 103. 
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Equation (1) is of the second degree in a and y. Any: 
straight line, y=ax+b, meets the graph in two points, 
their abscissae being the roots of the quadratic equation 

OG 0) sate PDs noncancer aa eae (2) 


Whenever, then, we are discussing the intersections of a 
straight line with the graph of equation (1), a quadratic is 
to be expected. 

For example, the straight line y=3a+4 meets the graph 
where a(ze+tj=a?+a+1 or 2?—4¢7+3=0, 


that is, where #=1 and x=3 (see dotted line in diagram). 


BAMRAARE DS AEN ARBRE e 
Pry pyr NY I 


The line QQ’ in Fig. 103, the equation of which is 
y=an-+1, 


does not meet the curve at all. Solving this equation and 
equation (1) as simultaneous equations, we have 


a(e+1)=2?%+a-+1, 
that is, | 0.a?+0.2+1=0. 
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Since a quadratic equation is expected, we interpret this 
form of equation to mean that both roots of the quadratic 
are infinite. : 

Next take a line parallel to QQ’, say y=a+hk. Solving 
this equation and equation (1) as simultaneous equations, 
we get 

a(atky=a22+e+1 > or 0.a?+(k—-1)e—-1=0. 


We now have one infinite root, and, so long as k=|-1, one 
finite root, namely 1/(k—1). When & tends to 1, this 
second root also tends to infinity; the parallel to QQ tends 
to become coincident with QQ’, which meets the curve in 
“two coincident points at infinity.” QQ’ is an asymptote of 
the curve. 

The y-axis is also an asymptote. To find where the 
y-axis meets the curve, we solve (1) and «=O (that is, 
x=(0.y) as simultaneous equations; the equation we get is 

0.y?+0.y¥+1=0, 
which shows that both roots are infinite, and therefore that 
the y-axis meets the curve in two coincident points at 
infinity. All straight lnes parallel to the y-axis meet the 
curve in one point at a finite distance and in one (ideal) 
point at infinity. 

We remind the student of the purely conventional use of 
the phrase “meet at infinity”; the example we have just 
discussed shows how infinite roots come to be considered at 
all, and how it is possible to interpret them by picturing the 
intersections of curves as the points of intersection move off 
to a very great distance. We are also led to a new defini- 
tion of an asymptote. Let us draw any straight line, which 
we may call a search line, say y=ax+b (Fig. 103), where 
we suppose b=|-1; this line will cut the curve (as a rule) in 
two distinct points. Now turn the line about the point 
(0, 6), in which it cuts the y-axis, until a is nearly equal 
to 1; one of the points in which it meets the curve will 
have gone off to a great distance, and when a=1, the line 
will be parallel to QQ’, and one root of the equation 


e(ae+b)=a?+a+1 
will have become infinite. Next move the search line 
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parallel to itself till b is nearly equal to 1; the second 
point of intersection is now very far off, and when b=1 
the line coincides with QQ’, and the other root of the above 
equation has become infinite. In other words, when our 
line becomes an asymptote it meets the curve in two 
coincident points at infinity. Hence the definition: 


Definition. An asymptote to acurve is a straight line 
which meets the curve in two coincident points at infinity. 
Or, an asymptote to a curve is a tangent whose point of con- 
tact is at infinity but which is not itself at infinity. 

This definition of an asymptote is not so general as that 
given on page 207, but it is specially suitable for curves 
represented by rational algebraic equations. 


119. Conditions for Infinite Roots. In the equation 


I EIN EAR LISS RN ROB (1) 
put 1/z for x, and then multiply by z; we get 
QA OPA ar ak ee tates nes Jae Gis) 


Now when z becomes very small « becomes very large, 
and as z tends to zero « tends to infinity. But if a=0 
and b=|-0, equation (1’) shows that z=0. Hence the root 
of equation (1) is infinite 1f ~=0 and b=|-0. 

Applying the same transformation to the quadratic 


ae Do Od eB 0 Vb ote coe inviolh seb otes tas (2) 
we get GN Oe A Cee Ck tees sahnd ones a sttnisten (2’) 


One value of z is zero, and therefore one value of x is 
infinite, if a=0 and b=|-0; both values of z are zero, and 
therefore both values of a are infinite, if a=0, b=0 and 
e=|=0. 

Quite generally, the equation 

Cg + 0" “1+ ge 2 4. Apt". Fn =0 


has one root infinite if a,=0, a,==0; it has two roots 
infinite if a@,=0, @,=0 and a,=-0: it has rv roots infinite 
if a=0, a,=0,..., Gy -4=0 and a,=0. 
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EXERCISES XXX. 


Solve the simultaneous equations in Examples 1-7, stating in each 
case the number of points, (i) at a finite distance, (1i) at infinity, in 
which the graphs of the equations meet. The diagrams referred to 
show the graph of the second equation. 


1. y+1=0, y(x—1)=2=>@ (Fig. 77). 

2. y=0tl, y=ut1—% (Fig. 94), 

_ #8 -—344+2 

~ @—x41 

4, y=x2+1, y(@—2)=2(2—-1). 

5. (a) v=0, ey—2)=1; (6) y=a, x(y—x)=1. 
Draw the graphs. 


3. 9=2-EA, (Fig. 95). 


6. (a) z=0, dy = m= 2+ 5 (b) 2y=x—-2, 2y= 0-24 
Draw the graphs. : 
7. (a) e=1, (e«-1)(y—2#-1)=1; 
(6) y=a+1, («-1)y—x#-1)=1. 
Draw the graphs. 
8. Prove that the asymptote of the curve y=#+1+ Gop 
parallel to the y-axis is the line v=1, and find the oblique asymptote. 
Graph the equation. 


9. Graph the equation gay ae and prove that y=0O and 
x=2y—3 are asymptotes. Y 
10. Graph the following equations, and find the equations of the 


asymptotes 
G) y¥y—-a)=1; (ii) Y(y-2)=1; 
(ii) yy-#4+1)=1; (iv) Y(y—#41)=1. 


11. Prove by Descending Continued Division that the graphs of 


the following equations have the asymptotes stated, and graph the 
equations : 


‘¢ 
; a —2)(%— 
(i) gee), asymptote, y=x—-3; 
(@—2)(2+1) | 
~  e@-1 ; 


ae t+ 2 
(iii) y= ADE ; asymptote, y=a+5. 


(ii) y= asymptote, y=. ; 
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12. Find the asymptotes of the graphs of the following equations : 


(i) ye), (ii) aE 
ONG Se) nase) 
(v) I-CD (vi) y- Ge 
13. Draw the graph of rt 


Prove that y=w—1 is an asymptote, and find the coordinates of the 
third point in which the asymptote meets the curve. 


120. To find Asymptotes. We shall now show how, in 
many cases, asymptotes may be found. 
I. By Inspection. Consider the equation 
(2e—y—1)(a@+2y—3)=5. oe cece (1) 


The equation is of the second degree in # and y. Clearly 
the abscissae (or ordinates) of the points in which the line 


22—y—-1=0 
meets the graph of equation (1) satisfy the equation 
Om 5. 


But a quadratic equation is in question; therefore both 
roots of this quadratic are infinite, and the line is an 
asymptote. 

Similarly «+ 2y—3=0 gives an asymptote. 

See Fig. 104, p. 292, for the graph. 

If the line aw+by+c=0 meets a curve of the n degree’ 
(that is, a curve given by an equation of the n™ degree in 
« and y) in points whose abscissae are given by an equation 
of degree (1—2) in #, then the line meets the curve in two 
points at infinity, and is, in general, an asymptote. (Of 
course, in this statement we may replace “abscissae” by 
“ordinates” and w by y.) Hence the rule: 

Rule. Factorise the terms of the n“@ and (=1)" degrees; every. 
linear factor equated to zero gives an asymptote. 

Ex. v+y=0, 7—y=0, 2a—y+1=0 are asymptotes of the curve 
given by Qa — ay — ny? +a +07 — y+ 5a—Wyt+9=0. 
@.A.G. Die ass 
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II. By Descending Continued Division. See p. 206. 
Ill. By a Search Line. Consider the equation 


03 8 — Bary =O. nncecrsecescereeseoeees (1) 
Use y=ma+c as a search line. To find its intersections 
with the graph of (1), put-ma+e for y in equation (1), and 
arrange the resulting equation as a cubic in @; we get 
(m3 +1)a?+3(m2ce—m)a?+3(me?—c)a+E=0. ....(2) 
Two roots of this equation must become infinite; we 
therefore choose m and ¢ to satisfy the equations 
m+1=0, mce—m=0, 
which give m= —1,c=—1. Hence the line given by 
y=-a-1 or #+y+1=0 


is an asymptote. It will be noted that the values found 
for m and c make the coefficient of # in (2) also vanish, so 
that in this case the asymptote meets the curve in three 
points at infinity and nowhere else. (Fig. 105, p. 293.) 


Ex. Apply this method to find the asymptotes of the cubic given 
to illustrate the first method. 


IV. From Freedom-Equations. The straight line 


BGA OY SC ccamen dics vate on ecient eae (8) 
meets the curve given by the freedom-equations 
eal Kt—1), yet Ly) wiaws-ureres (4) 


in points for which the values of ¢ are the roots of the 
a at?/(t—1)-+bt/(#—1) =e 
or at? + (a—c)t+bE+6=0, ..ccccccececceeees (5) 


If the line (3) is a tangent, equation (5) must have two 
equal roots (see Ex. 5, p. 261), and if the point of contact 
of the tangent is at infinity the equal roots must make one 
or both of the coordinates in (4) infinite. 

Now we find, from (4), that (i) w=0, V='6, i t=T: 
(ii) y=, a= —}, if t=—-1; (iii) c=, y=0, if t=. 
We must therefore consider these three cases. 
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(i) If ¢=1 is a double root of (5), that equation may be 

written (t—-1)*(at-+e)=0 

or at?+(e—2a)P+(a—2c)t+e=0. ....cecee ee. (6) 
Comparing the coefficients in equations (5) and (6), we find 

a—c=c—2a, b=a—2¢e, 
and therefore a=3c,b=—4c. Equation (3) now becomes 
3cua—Scy=c or 2e—4y=8, 

and this equation gives the asymptote corresponding to ¢=1. 

(ii) If ¢=—1 is a double root of (5), that equation may 


be written (t-+1)(at+c)=0, 

and, comparing coefficients as before, we find a= — 2c, b=0. 

The asymptote corresponding to t= —1 is therefore 
—2cx=c or “#£=-—Ht. 


(iii) If t=00 is a double root of (5), we see that a=0 
and a--c=0; that is, a=0, c=0. Hence the asymptote 
corresponding to t= is y=0. 

The student may find the constraint equation of the 
curve and verify these results by the preceding methods, 


121. Approach of Curve to Asymptote. ‘T’o find on what 
side a curve approaches an asymptote, we may proceed as” 
shown in the following examples. 


Ex 1. (Qe —Y=1) (GOYA B)=B. sciveessccsonesesscnene (1) 
One asymptote is given by 27—y—1=0; therefore a portion, or 
branch, of the curve must be near this line at a great distance from 

the origin. We may therefore consider the equation 
Lo OL eI 1s. ae cen cesses epsce nsec (2) 


as the first approximation to equation (1) for points that are far off in 


the direction of the asymptote. _ } : 
To find the second approximation, write equation (1) in the form 


5 5 
———— ae ae eee ee 3 
“+2y—3 a+2y—3 oe 
For points of the curve, that are far off in the direction of the 


asymptote we are dealing with, the value of y is equal to (2v—1) 
approximately. Our second approximation is found by putting 2a—-1 


(2a—y-1)= or y=2e—-1- 
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for yin the expression on the right side of equation (3). We thus 
have 


5 . 
2nd app. f= 24—1— a+2(2x—-1)—3 5) 
: ] 
that is, y<tt—-l—— > 
or y=2r—1 Pe 


where 1/2 is the most important term of the quotient 1/(w—1). 


oe 


Fie. tu4. 


Hence the curve appears below the asymptote on the far right and 
above it on the far left (Fig. 104). 

To find the approximation for the other asymptote, write equation 

(1) in the form Fats 

23 2 

y= bet op aAebicw eegacesen ee eune eae (4) 

and then in the expression on the right side of equation (4) put 

—$xr+3 for y; that is, put for y the value in terms of w obtained 

from the equation of the asymptote we are now dealing with. We 

thus obtain 1 


a—-l 


as the required second approximation. In this case the curve appears 
above the asymptote on the far right, and below it on the far left 
(Fig. 104). 


y= — bet 3+ 


or y= -4o+9++ 
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Ex. 2. OE Sy SU as nN EL Di (1) 
The asymptote is (§ 120) 
Ut Ou Ol 2/9 — Nahe wee cae eeoeseeee oe (2) 

At a great distance from the origin therefore in the direction given 
by the asymptote represented by equation (2), the curve must be 
close to the asymptote, and equation (2) may for such values of x 
and v be taken as the first approximation to equation (1). 

Now write equation (1) in the form 


ie een oes 
Ut YB ry bap J 
_ a+ Qary+y? 
then Oi ge Get tar ee Erueases surest estseaeceseres (3) 
HH, B 
ro 
iC 
A 
= 2 f xX 
=I 
Ei 
Fig. 105. 


As before, in the expression on the right of equation (3), put —v—-1 
for y; that is, put the value of y in terms of « given by the first 
approximation (2). We then get 

PAY A See sat: 
or, using descending division and retaining only the most important 
term of the quotient, namely 1/32”, 
BrY+ 1 moe ) 
1 
that is, y= —a-1+55- 

Hence the curve appears above the asymptote at both “ends” of 

the asymptote (Fig. 105). 
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These examples are sufficient to indicate the methods 
of obtaining a knowledge of the way in which a curve 
approaches its asymptote. They also illustrate a method 
of obtaining approximations to an equation for large values 
of « and y. Corresponding to each asymptote that a curve 
has there is an approximation. In these two examples 
both w and y tend to infinity; we have already (§ 100) 
discussed the approximations when only one of the 
variables tends to infinity. 


EXERCISES XXXI. 


1. Find the asymptotes of the curves given by the following 
equations : 


G).77—2t=1); (ii) 22-7? =1; Gii) e(y-—«)=1; 
(iv) Y-2)\(+y+1)=1; (Vv) (y— 2a) (x —2y)=1 ; 
(vi) (Qa—y+1)(-y-2)=1; ~— (vil) y(y—a)(y—2x)=1; 

(vili) ay(y—«)(y -2x)=1 ; (ix) ay(vt+y)+e°+y7=0; 


(x) 7? —8a7y +4at=yt. 


2. Prove that the shape of the graph of #?—y?=1, for large values 
of # and y, is given by the following equations : 


tev Bal yee cere i; 
(i) YrU- so (ii) gems 
and graph the equation. 

Show that the corresponding approximations for the equation 
y-e@=lare T 1 
@y=2tes Gi) y=-2-gs 
and graph the equation. 

3. Prove that, for large values of x and y, the approximations to 
the equation (y—a)(~+y+1)=1 are given by 
: 1 a 1 
(i) Y=o+o 3 (ii) et 
and ne the equation. 
Sketch the graph of (#-y)(w+y+1)=1. 
4, Graph the equation (y—2x)(a—2y)=1. 
5. Graph the equation (Qa—y+1)(#—y—2)=1. 
6. Show that each of the asymptotes of the curve 


y(y—2)(y —2x)=1 
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meets the curve in three points at infinity. Prove that the curve 


approaches its asymptotes in the way specified by the following 
equations : 1 


= Oy?" 


Asymptote, y=0 ; y 
Asymptote, y=w; Y=u-=- 


Asymptote, y=2z ; y=2a+ 7 
Draw the curve. 
7. Sketch the graph of the equation 


ary (y — #)(y —2x2)=1. 
Show that the y-axis meets the curve in four points at infinity, and 


that the curve approaches that axis in the way specified by the 
equation =1/7°. 


8. Trace the graph of the equation 
ay (e+y)+2+y7=0. 
9. Draw the curves given by the following equations : 


; 2 = 2 
(i) y=3x 1+e—p@aD' (ii) a ryan ay! 
10. Draw the curves given by the following equations : 
1 is 1 
EN ee ee ae SE peanly . 
(i) y=x +=3 ; (ii) y=(#-1) Tire 
1 
saahar = (ote IN 
(iii) y+b=(x+a) eae 
11. Draw the curves given by the following equations : 
; is stg lee ab eae a eataaa 9 
@y=Pta; Wy=’-]B; (il) y=" rs. 


12. Graph the equation Poot, 


13. Draw the curves given by the following equations : 
(i) e(y—#P=1; = (ii) @(y—z)=1; (iti) ay(y—2)=1. 
14. Trace the curves : 
i) P(y—2)(y+2a)=15 Gi) y(y—a#)(y + 20) =1 ; 
(iii) y(y—”)(y+2z)P=1. 
15. Prove that any straight line parallel to y+a2=0 meets the 
curve #+y5=22 in one point at infinity, but that y+v=O (the 


asymptote) meets the curve in three points at infinity, and that 
the curve appears above the asymptote at both ends. 
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16. Find the equation of the line that meets the curve #°+7°=.4 
in two points at infinity, and state how the curve appears at the ends 
of the line. Find the coordinates of the finite point in which the 
asymptote intersects the curve. 

17. Trace the variation of the shape of the hyperbola given by the 
Se (x —2y+1)(27+y-1)=a, 
as @ assumes values from 1 down to zero. 

What is the graph of the equation 


(-—2y+1)Qe+y—1)=0? 
18. Factorise 22°-«y—y?+x+2y—1; then trace in one diagram 
the graphs of the following equations : 
* 2 G) 2a? — ay —y?+2+2y—-—2=0; (ii) 2a*-xy—y?+x+2y=0; 
(iii) 228 -ay—y?+x+2y—1=0. 
19. Graph in one diagram the equations : 
(i) (w+y—3)(2Qe2-—374+4)=1; (ii) (v+y—3)(2x—-3y+4)=0; 
(ili) (v+y—3)(2e -3y74+4)=—-1. 
20.. Prove that the equation 
2x? + 3xy —2y?-—5y—-3=0 


represents a hyperbola, taking a hyperbola to mean a curve of the 
second degree which has two real and distinct asymptotes. Draw 
the curve. 


21. Prove that the equation 
ax® + 2hay + by? +2gx+2fy+ce=0 


represents either a hyperbola or two real straight lines if 22> ab, 
the letters other than z and y denoting constants. 


22. Find how the curve given by the equations 
pate leeee 
<2 Fe Le ed, 


approaches its asymptotes. Sketch in one diagram the curve and its 
asymptotes. 


23, Find the equations of the asymptotes of the following curves : 


: : t ee 3t 30 
merous 13 : w x - 

/G) v=0, y (¢—19? (ii) oe I~T4+8? 

t+1 2¢ 

é—)) 9 BRT 


(iii) a= 


CH. XVII. § 122] 


CHAPTER XVII. 


HARDER CURVES. 


122. Tangent at Origin. Let the equation of a curve be 
written in the form 


O= Ub, FU tUgt ..e+Un, vo0e a Bore (A) 
where U,, Us, U3, ++. Un are homogeneous polynomials in x 
and y of the 1**, 274, 3°4, ..., n** degrees respectively ; since 


there is no constant term the origin lies on the curve. 
The equation of the tangent at the origin is u,=0. To 
see this take a definite example, 


0 = 4a —2y + 327+ ay — y? + 323 — 4ay* + 23,000... (1) 
so that w,=4a— 2y, and the line to be considered is therefore 
LAs, ET NORA CRN ERS (2) 


Solving equations (1) and (2) as simultaneous equations, 
we get for « the equation 


OB Se? = SV) ln) a ee (3) 


The line (2) meets the curve (1) in two coincident points 
at the origin, and is therefore the tangent; any other line 
through the origin meets the curve in only one point there. 

If equation (1) had no terms of the 2"4 degree, then the 
equation corresponding to (3) would have three roots equal 
to 0; the line (2) would therefore be an inflexional tangent. 
In general, if equation (A) contains w, and ws but not wp, 
the origin will be a point of inflexion, because the line 
u,=0 will there meet the curve in three coincident 


points. 
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Suppose now that equation (A) contains no terms of the 
first degree ; it will then be of the form 


O = Unt Ugt ees tUins cerseerereereecees (A’) 
In this case every line, y=mea, through the origin will 
meet the curve there in.two coincident points, because, 
obviously, when we put mz for y in (A’), « will be a factor 
of the right-hand side. The origin is therefore said to be a 
double point of the curve. 
To illustrate this type take the example 


OS Gey? = OF ns saew race pr ee. (4) 


Here u,=ax?+y?, and we have tnree cases to consider 
according as the factors of uw, are (i) real and different, 
(ii) real and equal, (iii) imaginary. 

Case (i). Factors of w, real and different: a negative, 
say a= —1. The equation (4) becomes 

aye — oo — ee) nd neve ss asanavengenses (4’) 
while w,=(y—a)(y+z). The line y—x=0 meets the 
curve (4’) in three coincident points at the origin; similarly 
the line y+x2=0 meets the curve (4’) in three coincident 
points at the origin. These two lines therefore lie closer 
to the curve than any other lines through the origin; two 
branches of the curve pass through the origin, and these 
lines are the tangents, one for each branch. The curve is 
identical with Fig. 76, p. 202, if B is taken as origin; 
y—«x=0 is the tangent at B to the branch ABO, while 
y+a=0 is the tangent at B to the branch A’BC’. The 
double point is in this case a node (§ 83). 

Case (ii). Factors of wu, real and equal: a=0. The 
equation (4) becomes y?— BF =0, .ercccecsccen Pe acer (4”) 


while u,=y*. In this case the origin is a cusp (§83); 
the graph of equation (4”) is Fig. 74, p. 200. 
Case (iii). Factors of uw, imaginary: a positive, say 
a=1. The equation (4) becomes 
Yo — ee D, Pol Aa ea (4’”) 


while u,=y’+«*. Here the coordinates of the origin 
satisfy equation (4), but there is no other point of the 
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curve vn the neighbourhood of the origin. Writing (4) 
in the form ee 
¥y =a (x—1), 

we see that, except when z and y are both zero, x must be 
equal to or greater than 1 if y is to be real, so that the 
point (1, 0) is the nearest point on the curve to the origin. 
The origin is called a conjugate point or an isolated point. 
The graph of equation (4”) resembles Fig. 75, p. 201, if 
we suppose the oval to shrink to a point at A; it consists 
of the isolated point at A and an open branch DBO, 
where AB=1, the point A being the origin for the graph 
of equation (4). 

If equation (A) contains no terms of the 1* and 24 
degrees and begins with w,, then every line through the 
origin will meet the curve there in three coincident points ; 
the origin is called a triple point, and the factors of wu, 
furnish the tangents to the three branches that pass 
through the origin. Different cases arise according to the 
nature of the factors of wu, (real and different, repeated, 
imaginary); in §124, Ex. 4, an example of a curve with a 
triple point is given. 

The following examples show how the gradient may 
be obtained in cases to which the rules of §102 are not 
directly applicable. 


Ex. 1. Find the gradient at any point on the graph of the equation 
PPPS Bity HO es sods eon deovacevievoms ties (i) 


Let (/, £) be any point on the curve, and let the origin be shifted 
to the point by putting 4+ for w, and &+y for y; equation (i) becomes 


(hE EP + (E+) —Ba(AFE\EAN)HO oocrereerserescees (ii) 
or — (3+43 — Bahk) +3(h2—ak)E+3(k? — ah)n 
+3 (AE? — aby thn) +E +73 =0. cesececcevesceeees (iii) 


The term (A3+43—3ahk) is zero, since (A, &) is on the curve ; 
equation (iii) is thus of the form of equation (a) with &, 7 instead of 
x,y. Hence the tangent at the new origin is 

3(h2 —ak)E +3(k2 — ah) 1 =O, «..cerreeseesececceeoees (iv) 


and therefore the gradient is 
3(12-ak) _ak—W 
~3(—ah) hah 
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But (h, &) is any point on the curve ; we may therefore put « for h, 
and y for &, and thus get the result, 
ay — x? 
Pax 


gradient at (2, y)= 


In finding gradients it saves labour to write # for / and y for & in 
equation (ii) instead of in equation (v). We can then state the Rule: 

Rule. In the equation of the curve put x+é for x and y+7 for y, then 
pick out the terms of the first degree in E and 7; if these terms are 
aé+ Bn, where o. and ( will usually contain both x and y, the gradient 
at (x, y) is —a/B. 

If f(z, y)=e3+7 -3azy, then the derivative of f(z, y) when x 
is variable and y kept constant is 3z2—3ay; if, however, # is kept 
constant and y is variable, the derivative is 37°—3a2. It will be 
seen that if the expression w£+ By is formed as directed by the Rule, 
we shall have «=322—3ay and B=3y?—3axv. We are thus led to 
a convenient method of finding the gradient as will be shown in the 
next example. 


Ex. 2. Let f(x, y) be a polynomial in « and y; denote by jf; the 
derivative of f(x, y) when x is variable and y is kept constant, and 
by f, the derivative of f(x, 7) when y is variable and w is kept 
constant ; then the gradient y' at any point (w, y) on the graph of the 
equation f(z, 7)=0 is given by the equation 


y 
We shall prove the rule when /(2, v) is the polynomial 
a+ ba+cy+du*+exy+gy?+la+mary + nay? + pip? 5 ccc (i) 
and it will be easily seen to hold for any polynomial. 
In (i) put #+€ for x and y+ for 7; then pick out the terms of 


the first degree in € and 7 and arrange them in the form a§+ 7. 
The gradient will be —a/8. The expression (i) becomes 


at+b(u+§)+e(yt+n)t+d(at+P+e(etE(ytn)+g(y tn? 
+ Ua EP + m(w+EP(y +m) + nwt E)(y+n)+ ply +n) 
The part of the first degree in € and » is 
(b+ 2Qdx + ey + Blx? + Imay + ny?) E 
+(c+ex+ 2gy + ma? + 2naxy + 38py") n. 
The coefficient of € is f{, the coefficient of » is fj, and therefore 
the gradient is —//+/,. 
This rule is of very general application. Thus take 
of — 2axy — uv? — 3a +2y—5=0. 
Denote the polynomial by (x, y); then 
Je= —2y—2u-3, - fy=2y—Qr+2 
iva fat See Be Ag Ae ES 
2y—Qwe+2Z © %w-Axr+2 
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If y= then (7? +1)y—(#—1)=0. Denote this polynomial by 
F(#, y); we then have 
f(x, Y)=(e? +1)y—-(#-1), Sr= Quy — 2x, Sy=U+1 
20 —Qay _2x(a?+1)—Qx(z*-1) 4x 
w+) (a? +1) ~ (a? +1" 


We have expressed the gradient in terms of x alone by putting 
for y its value (7? — 1)/(a2+1). 


and y = 


Ex. 3. Find the gradient in the following cases : 


(i) 7?+2°-a=0; (ii) #+4ay—y?—-1=0; 
Gii) y?=2an+ ba? ; (iv) ax?+ 2hay+ by?+ 2gx +2fy+c=0; 
(v) a@?+yY)=a(e?—y"); (vi) P+ y=ay(ety); 
(vil) (a? +77)? =4axy ; (vii) (y—2?)?=25 


Ex. 4. Find 7/ and express the result in terms of x alone in the 
following examples : 


G) (¢+2)y=2-1; -Gi) #y=1; (ill) @y=1; (iv) (2+)Dy="; 
(v) 1+2)y=27-1; (vi) 1+2)7=2; (vii) (1+ 2)7?=<27, 


Ex. 5. If y=w/v and 7f u, v are polynomials in x alone, then 
é ow — uv’ 
OF he awae pe 
where w' and v are the derivatives of w and v respectively. 
Write the equation y=w/v in the form vy—u=O, and denote vy —u 
by f(#, y); then — 
f(a, Y=ry-%, fa=Vvy-—w, fy=9 
fp _w—vy_w—-w 
aS IRR ee 


since y= a and therefore uw’ —v'y=(vu' —wv’)/v. 
, 


and Ws = 


If y=* so that u= 1w= 0, then 7/== 


We have thus found a rule for nee the derivative of a 
- quotient, and it contains aiso the rule for a product w. Write UW as 


the quotient of uw by ; ; then 


y= f= = hE 
v 
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Ex. 6. Find z/’ in the following cases : 


: e+a+l1 . a+ ba+e ae 
Omit? y= gapeero! Mil) y= e+); 


iv) y=ZeEEi ©) Y=etNOPHIs (i) P= (+ aj*(+d) 


123. Orders of Small Quantities. In determining the 
shape of a curve near a given point on it, we retain some 
terms and reject others as being small in comparison with 
those retained ; we are thus led to speak of different orders 
of small quantities. 

When @ is small, x? is small in comparison with a, and 2 
is small in comparison with «?, because the ratio of a to 
and of a to a is the small quantity 2 The quantities 
x? and a are called small quantities of the second and 
third orders respectively, xz itself being considered as the 
standard small quantity or the small quantity of the first 
order ; ax? and bx, where a and b are constants, are also of 
the 2"¢ and 3" orders respectively. 

The following examples show how these notions of 
order are applied; we suppose the equation to be in the 
form 0=u,+U,+Us+... of § 122. 


Bye O= 2a — 4y — 322+ 4ytQy24H3. oo. s.csesceecesceves (i) 

The tangent at (0, 0) is 2v—4y=0, and this gives the first approxi- 
mation y=}; near the origin therefore y is of the 1** order. Since 
y is of the first order, wy and vy? are each of the 2™¢ order, so that the 
second approximation to equation (i) is w,+w,=0. It is, however, 
more convenient, as a rule, to give this approximation explicitly in 
terms of 2; we therefore write 


YH=ELAE( — 342+ Avy t Qy?), circcsccccccasscesccees (ii) 
and in the terms on the right side, in place of y put 42, the value of 
y from the first approximation. We thus find 

Y= 3et}(—302+ 40.4242. 40%) =ha— de eee (iii) 


Equation (iii) shows that near the origin the curve lies below the 
tangent. 


Ex. 2. Oy — 28274 224 BE Y® cecwssisiccanctnensouees (i) 


The tangent at (0,0) is y=0. Near the origin y 7s much smaller 
than x; it is of a higher order of smallness. The equation suggests 
y—«=0 as the next approximation; this makes y of the second 
order, and therefore xy of the 3" order, y? of the 4 order and y? of 
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the 6 order. Hence y=2? is the correct approximation, and near 
the origin the curve is approximately a parabola. 
Similarly for the equation 


O= 2 — 9? + Bary F2EF 4 BAY, oevevececsssensecensses (ii) 
the approximation is ~=y?; when we take y to be of the first order, 
ay is of the 3" order, a? of the 4 and «3 of the 6%. It depends on 
the given equation whether x or y is to be taken as the standard 
small quantity or the quantity which we call that of the first order. 


Ex. 3. iS Gh tap A D4? — Gs See sslpos coaches -westoasdvans (i) 


In this case the terms of the second degree contain y as a factor, 
and therefore vanish when y=0; in Example 2 (i), y is not a 
factor of the terms of the 2"¢ degree. The next approximation is 
given by y—#°=0; this makes y of the 3" order, zy of the 4 and y? 
of the 6%. 

When ~, is a factor of w., the second approximation is derived 
from w,+u;=0, and not from w,+%,=0. Take, for instance, 


O=y — 2-22? + ry $y? — IB — YP. .riececsencsecscovens (ii) 

Here w,.=(y —7)(y+20)=m(y+2z). Write equation (ii) in the form 
Ne A os ee Se) 
oO yt ea Age, 


Since the first approximation is y=, the numerator of the fraction 
last written is of the 4 order, while the denominator is nearly unity ; 
the fraction is thus of the 4* order, and the second approximation is 
therefore y-L£= B+ P=, 


The origin is a point of inflexion. 


Ex. 4. e+ —3axry=0. 

Near the origin, on the branch to which y=0 is the tangent, 
y must be much smaller than #; we therefore try «#°—3axy=0 or 
3ay=x? as the approximation. This makes y of the 2"* order, and 
therefore the rejected term 7? of the 6” order, so that 3ay=«" gives 
the correct approximation. ; ; 

Similarly 3a7=7" is the approximation when #=0 is the tangent ; 
this makes the rejected term 2 of the 6" order when y is of the first. 


Ex. 5. yt — a — 4a%y =0. 
The approximation, when y=0 is the tangent, is 4y=—2*: this 
makes the rejected term y* of the 8 order. Aree 
Corresponding to the repeated tangent ~=0, the approximation is 
3. a 5 
iven by yt—4a*vy=0 or 2v=+y%. When y is of the first order, 
2 is of the fractional order 3, and the rejected term «* of the 6 order. 


Ex. 6. Show that 27?+.#?=0 isa first approximation to the equation 
of Example 1 when w and y are large. . 
The equation 2y?+2=0 gives y= +(—}a°)* ; we may call y a large 
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quantity of order $ when wv is the standard large quantity. The 
term zy is of order §, #® of order 2, y of order 3, # of order 1; thus 


the two terms y? and 2? are of the 3" order, and the rest of lower 
order. Obviously 7 must be negative if y is real. 


124. Curve Tracing. We shall now give some harder 
examples of curve tracing; the following general directions 
should be noted. 

The usual procedure is to select some points on the 
curves, to obtain approximations to the equation for each 
selected point and draw the corresponding elements of the 
curve, and then to join up the elements thus found. In 
joining up the elements any symmetry, axial or central, 
will be very helpful; symmetry will also lessen the labour 
of calculating approximations. It will sometimes be 
possible to find values of one variable that make the 
other imaginary, and thus to determine regions through 
which the curve does not pass; the student should look 
carefully for such regions. 

Important points to be examined are: the origin and the 
points where the curve crosses the axes, the points at 

Infinity and points whose coordinates can be seen by 
inspection of the equation. If turning points can be found, 
these are very useful, but there is generally considerable 
difficulty in locating them exactly. Occasionally it will 
be necessary to solve equations, and the methods of Chapter: 
XV will be useful. The determination of the gradient by 
the methods of § 122 will also be helpful in some cases. 

It should be remembered, however, that all we profess 
to give are the leading features of the curve; accurate 
determination of its details is beyond our plan. 

Ex. 1. at+y*+a2(a2—y2)=0. 

The curve is symmetrical about both axes (Fig. 106); the origin is a 
node and the tangents there are y=w and y= — 2. 

Near y=, we have pin vee 2B 

+4 Ado 

ayta) "tata tae 


. Near y= —., we have y= Bebe | 
The points (0, a), (0,—a) are on the curve. Shift the origin to 
(0, a), and the equation becomes 


O=2a3y + a2 + 5a*n? + 4ay3 + aoe ny 


yaar 
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and the shape near the new origin is given by 2a7+&=0. Near 
(0, — a) we have 2an=&. 

By solving the equation for 7 we see that the greatest value of x is 
given by the equation 2?=4(,/2—1)a®, in which case y2=}02. At the 
points given by these values of wv and y the tangent is perpendicular 
to the v-axis. Since x is not greater than $(,/2—1)a? the values 
of 7 must also be finite, and the curve is a closed curve. The curve is 
shown in Fig. 106, where a is represented by 10 divisions on each axis. 


ne 
| 
Pe 
1 
O 1 
Fig. 107. 
Ex. 2. (y—2*?=25 or y=x? +nJ/x°. 


The origin is a cusp (Fig. 107), but here both branches lie on the 
same side of the tangent y=O near the point of contact, and the cusp 
is called a cusp of the second kind (or a rhamphoid cusp). The lower 
branch crosses the «z-axis at (1, 0) and has a turning point where 
“2=0°64, The curve is easily traced by plotting points (Fig. 107). 


Ex. 3. B+ YP — Baty =O. sree arniowned Pe caaeee curses: (i) 
The origin is a node (Fig. 105, p. 293), and the shape there is given 
(§ 123, Example 4) by Bay=a? and 3ar—y?. 


By § 122, Example 1, the gradient at any point (#, y) is 
(ay — x")|(y?— ax), and is zero when ay=2*. If we solve equation (i) 
and the equation ay=.w? as simultaneous equations, we shall find the 
turning points; disregarding the solution 7=0, y=0, we find v=a 4/2, 
y=ax/4 as the coordinates of a turning point. The gradient is 
infinite when ¥?=az, and by solving this equation and equation (i) 

G.A.G. U 
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as simultaneous equations we see that the tangent at the point 
(a 8/4, a 8/2) is perpendicular to the w-axis. 

Since equation (i) is not altered by interchanging @ and y, the curve 
is symmetrical about the bisector y= of the angle YOY; from this 
symmetry the coordinates of the point of contact of the tangent 
perpendicular to the w-axis might be deduced from those of the 
turning point. : 

The relation of the curve to the asymptote 7+y+a=0 is discussed 
in § 121, Example 2, for the value 1 of a. 

If we seek the points in which the line y+a=A, parallel to the 
asymptote, meets the curve, we get the equation for «, 


SC fa) 3104-4) 4 Aad eee (ii) 


Since this equation is of the 2"¢ degree, one root is infinite, as it 
should be; the discriminant of the equation (ii) for the other two 
points of intersection is 


D=9\{A +a)? —12A3(A +a) =3A?(A+4)(8a— X). 


For real roots therefore we must have 3a= }=—a, and the curve 
lies between the asymptote x+y=—a and the line +y=3a, which 
touches the loop at (= A ; 

The curve is shown in Fig. 105, p. 298, for the value 1 of a. 


In equation (i) put y=¢z and solve for x; we thus find the freedom 
equations of the curve, Sat Sat? 


STR FAT eet ime (ili) 


and from these equations the coordinates of points may be easily 
calculated. It will be a good exercise for the student to show that, 
if P is the point given by equations (iii), the curve is traced in the 
following order. As ¢ increases from —o to ~1, P moves from O 
along the branch O# to infinity; as ¢ increases from —1 to 0, 
P returns to O from infinity along the branch DO; and finally, as ¢ 
increases from 0 to +0, P describes the loop OABC. 

Note that the line y=tx meets the curve in two points at O and 
once at a point P different from O ; the coordinates of P are therefore 
rational functions of 4. When the freedom equations can be obtained, 


they enable us to calculate easily the coordinates of points, and thus to 
draw the curve with greater accuracy. 


x 


Ex. 4. ae — AGP AD, conecotiingavuscentens munis vou 1) 


The origin is a triple point (Fig. 108), and the approximations there 
are, by Example 5 of § 123, ca » ae 
4y= — 2" ...... (ii) and 27=+,/y’....... (iii) 


This is an ordinary or keratoid cusp, or a cusp of the first hind 
(see Ex. 2). 


The graph of (ii) is a parabola with its vertex upwards ; the graph 
of (iii) is a semicubical parabola (§ 88) with the y-axis as the tangent 
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at the origin, which is a cusp. The triple point is thus made up of 
an ordinary point and a cusp. 

There are two asymptotes, and their relation to the curve is given 
by the equations 1 1 
Y=L+1 oes and y=-—2£+1 ioe 

To find where an asymptote crosses a curve at a finite distance from 
the origin, we solve the equations of asymptote and curve as simul- 
taneous equations. The asymptote y=7+1 crosses at the points 
(—0°3, 0°7) and (—1°'7, —0°7), while the asymptote y= —2+1 crosses 
at (0°3, 0°7) and (1°7, —0°7) ; these numbers are approximate. 


Fic. 108. 


The freedom equations of the curve are 
ee) 
he WHa1 
It is fairly obvious now how the curve goes (Fig. 108). 


Ex. 5. (a SFY. ci cscnseeoe sence jan See soameee:((U) 
We suppose a>0; we may note at once that v cannot be negative, 
and that the y-axis is an axis of symmetry (Fig. 109). 
The origin is a triple point, and the approximations there are 
Jay=a? and y°=4ax". 
Solving the equation for 2, we get 
B= Day = yf" DY n[(GP— AY). vrviseersereverseereenss (ii) 
Equation (ii) shows that y cannot be greater than a; therefore x 
also is finite, and the curve does not go off to infinity, as is otherwise 
obvious, since (w?+y?)? cannot vanish for real values of # and y. 
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From (ii) we see that two values of 2 are equal when y=a; the 
two points (a, a), (—a, @) are therefore turning points. 

The freedom equations of the curve are 

pee 4 Set fan 

“+e oar (ore 


ei 


It may be shown that the gradient 7’ is given by the equation 
,_ Lany—x(ar+y") _2y(a*—y*) 
yety)—ac  a(t—3yy 

the second fraction being obtained from the first by using equation 
(i). To find the points where the tangent is perpendicular to the 
x-axis, solve equation (i) and w(x? —3y?)=0; we get 
3/3 

4d 
The curve is shown in Fig. 109. 


v= + a, y= fa (and also v=0, y=0). 


Ex. 6. O= 24 — 4y — Ba? + Ary t2y? +I. cicccecssececcnescees (i) 


This example is much harder than the previous ones. 
The curve (Fig. 110) goes through the origin and crosses the axes 


also at the points (1, 0), (2, 0), (0, 2). The shape near these points 
is given as follows: 


Near (0, 0) ; y= ha— fe. 
Near (1, 0); WPr=E. , 

Near (2, 0) ; n= —3€-282. 
Near (0, 2) ; = =§£ 4182, 


Now solve equation (i) for 7 in terms of 2; we get 
(2y + 2x — 2)? =(2v — 2)? — 2(23 — 342+ 2x) 
= —2(#-1)(w?-44+2) 
= —2(¢—0°6)(@—1)(%-3°4), ceereccsessees (ii) 
where we have taken ,/2=1°4 in finding the factors of 2?—4x+2. 


\ 
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From equation (ii) we see that y is i i I i 
DEHe ; § y 1S Imaginary (a) if «> 3-4, (d) if 
1>x>06, and is real for all other values of a. When thy 
a — 2°4 twice ; when x=1, y=0 twice ; when xr=0°6, y=0'4 twice ; 
aus aoe at (34, —2°4), (1, 0) and (0°6, 0-4) are perpendicular to 
2-axis. 


NA 


+t 


Fie. 110. 


The shape near (1, 0) has already been determined ; it is easy to see 
_how the curve runs near (0°6, 0°4) and (3°4, —2°4), since the curve 
exists only on one side of the tangent at the point. 

For large values of 7 and y we have seen in Example 6, § 123, that 
the curve approximates to the graph of 27?= — z”. 

The graph therefore consists of an oval and of a branch extending 


to infinity on both sides of the v-axis. (Fig. 110.) 


Bz. 7: O=Y— 224 BLYAQYAPAY®. crcrecccccssssorrserees (i) 
The curve (Fig. 111) goes through the origin and meets the axes 
also at (1, 0) and (0, —1). The approximations are : 
Near (0, 0), y="; near (1, 0), n= —46-44&?; near (0, —1), 7? = —36. 
The asymptote is +y=3, and the relation of curve to asymptote 
is given by 1 


The asymptote crosses the curve at the point (9, 34) or (0°6, 0°05). 
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To get further information, find where the curve meets the line 
aty=X parallel to the asymptote; the abscissae of the points of 
intersection are given by ; 

(BA —2)u?-—(BA2+A41)GHA(AF1P HO. oo eee eeeereeeees (ii) 

Equation (ii) has two finite roots unless A=2/3, as it should have. 

The discriminant D of equation (ii) is 
D=(3\2+A4F1)?—4A(A4+1)(8A — 2) 
= —3A*—10A?+11A?+10A+1. 


Fre. 111. 


D is obviously negative for large values of A whether A is positive 
or negative. It will be found by trial that D is negative (i) if A is 
greater than 174, (ii) if A lies between —0°2 and —0°5, (iii) if X is 
negative and numerically greater than 4°1; these values are approxi- 
mate, but are sufficient to show how the curve goes. 

The curve consists of a branch extending to infinity and lying 
between the lines w+y=1'4 and #+y=—0°2, and of an oval lying 
between the lines v+ y= —0'5 and x+y=—4°1. 

By giving to A a series of values we can get a number of points, 


and thus have a fair idea of the general course of the curve. We 
give the table : 


Se oe Baa | -3 | -4 [> -o6 
| 1,4 


0, - 05 | 0, -0°6 |-0-22, 116 |- 0:69, 158 


-15, -1-71 | ~0-08, — 0°31 


The curve is sketched in Fig. 111. 
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EXERCISES XXXII. 

Trace the curves given by equations 1-30: 

1. @(2?—y*)=wx', the Lemniscate of Gerono. 

2. a? (a? —y?)=(«?+y7"), the Lemniscate of Bernoulli. 

3. ax? + b*y? =(x? +7"), the Lemniscate of Booth. 

4. @ar+y)=y74. 
5. a(y?— 2)=a(a?+y7), the Logocyclic Curve. 
6. ay?—2")=y(v+y?) 7. a(y?+a%)=a2(a2—y9, 
8. a(y? — 3x7)=a7(x? +"), the Trisectrix of Maclaurin. 
9. a(x? +7) =2(3y? — x"). 10. (a—2x)7?=<", the Cissoid. 
Ll. ax?+ by?=2(2?+7), a>0, b>9. 
12. az? —by=x(2?+y"), a>0, b>0. 
13, ay?=(4—-y)(a? +9’). 
14. P(e«+a)=x2(e4—a)(x—b), b>a>0. 
15. 7°(x—a)=be(x+e), a>0,b>0, e>0. 


16. a7? — 627? =27/?. 17. y(a@—y)=a(a7+y’). 

18. (y—2rP=e+y°. 19. a(y—xY=2y*. 

20. a%(e+y)=(02+y? QL. ay(wty)=a+aryp ry. 
QL =f — Ye 23. xy =(a?+y"). 

24. 2 (4y?—2?)=77. 25. +3 — 24+ 3x0y+4y?+y=0.. 
26. a (2?+y7)=(2?+y? — ax)’, the Cardioid. 

QT. b%4y?=(a?+y")(y — a). 28, x!—y*—100a?x? + 96677? =0. 
29. (y— 2x)? =42y". 30. y$+c' —5y? -327+6=0. 


31. Prove that the curve 
8y7=(2e+1)(42?—-1) 
has a double point and two real points of inflexion, and that these 
three points are the vertices of an equilateral triangle. 
32. Trace the curve 
(w@+y+1)Qe+y+1)+2*%y=0, 
and show that the curve 
(at+y+1)(ar+by+c)+z*y7=0 
will have a double point if b=e. 


[CH. XVIII. 


CHAPTER XVIIL 
CANONICAL EQUATIONS OF THE CONIC SECTIONS. 


125. The Parabola and its Canonical Equation. Let a 
variable point P move so that its distance from a fixed 
point S is equal to its perpendicular distance PM from a 
fixed line ZX ; then the locus of P is a parabola of focus S 
and directria ZX. The form of the curve is shown in 
Fig. 112. A, the middle point of the perpendicular SX 


Fie. 112. 


from S to ZX, is the vertex of the curve and the line AS is 
the avis. It is clear, from the definition, that the curve is 
symmetrical about its axis. 

Let the curve be referred to AS and the perpendicular 
through A to AS as axes of x and y respectively; let AN, 
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NP be the abscissa and ordinate of any point P(a, y) 
on the curve; then we have, as the equation of the curve, 


IZ SAAS AN ideas gee ok oe (1) 
or A ek AR I ca I tone (2) 
where AS=a. 
Proof. 
NP?=SP?— SN? 
= PM?—SN?, since SP= PM, 


=X N?-—SN? 

=(AS+AN)—(AN— AS), since XA = AS, 

sek, eds Mere BLUR Sip arn SP ee ae ne Pea (1) 
or Gs An ce eR ans oh 28a eed, TORY tech (2) 


Since the curve is symmetrical about its axis, the y-axis 
is the tangent at the vertex; hence y?=4aa is the equation 
of a parabola referred to its axis and the tangent at the 
vertex as axes of # and y, and is called the canonical 
equation of the parabola. 

Let ZSL’ be the double ordinate through the focus; then 

SL=XS=2AS=2a, 
therefore LL’ = 4a. 

LI’ or 4a is the latus rectwm of the parabola. 

Freedom equations of the parabola y?=4ua@ are x=at’, 
y = 2at. 

Ex. 1. Find the equation of the parabola whose focus is the origin 


and whose directrix is y—7=2. Find also the equation of its axis, 
its latus rectum and the coordinates of its vertex. 


(i) Let P(x, y) be any point on the parabola. 
Then the defining condition gives 


square of distance from P to origin 
=square of distance from P to —y+2=0 


= 2 


whence w+ y?+ Qy — 4a + 4y-4=0 
is the equation of the parabola. 
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(ii) The axis is the perpendicular from the focus (0, 0) to#~—y+2=0 
or z+y=0. 
(iii) The latus rectum =twice distance of focus from directrix 
=2(2/./2)=2,/2. 

(iv) With the usual notation, A, the vertex, is the middle point 
spat Now J is the intersection of the axis and the directrix, that is, of 
e+y=0 and #—y+2=0. 

Hence Y is (—1, 1); therefore A is (—1/2, 1/2). 
Ex. 2, AQ, AR are chords of a parabola drawn at right angles to 
each other from the vertex A. The rectangle 4QPR is compl2ted on 
AQ, AR. Prove that the locus of P is another parabola. 


Let the given parabola be y?=4az. 
Let Q, & be the points (at,*, 2at,) and (at,*, 2aty). 
2at, 2aty 2 2 
)? 3 or b a 
Ob? Gis «t+ ts 
But AQ, AR are at right angles ; therefore ¢)t2= —4. ......... «1... (i) 
a(t? +t") 
2 | 


Then the gradients of AQ, AR are 


The coordinates of the middle point of @R are a(t, +t,). 
Hence the coordinates (A, &) of P are such that : . 
h=a(t?+t.2) and k=2a(t,+4%,), 
or R= ta)” — Lthg 2) actor ooet peccseetactoenme (ii) 
and ESEBOUE eae casita an wes ocrencnsonaa-seueeeee (iii) 

Using (i) and (iii) to substitute in (ii), we get 
2 
A= a 
Writing « for 4 and y for & to denote a varying point P, we have 
yf =4a(a«—8a) 
as the equation of the locus of P; and this represents a parabola 


whose vertex is the point (8a, 0), whose latus rectum is 4a and whose 
concavity is in the direction of the x-axis. 


+8a or k*?=4a(h—8a). 


Ex. 3. Prove that the chord x+by=4a subtends a right ] 
at the vertex of the parabola y= 4an. Y 1 angle 


If we put x+by for 4a in the equation y?=4ax, we get 
P=r(etby) or «+bry—y?=0, 
a homogeneous equation of the second degree which represents the 
two straight lines joining the origin; or vertex, to the intersections 
of the chord and the curve. Since the ‘sum of the coefficients of 


x and y° is zero, these lines are perpendicular, by § 42; so that the 
chord subtends a right angle at the CePA: i Bal 
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This artifice of making one equation homogeneous py means of 
another is of some importance; it enables us at once to get an 
equation giving the lines joining the origin to the intersections of the 
curves specified by the equations. 


EXERCISES XXXIII. 


_ 1. Draw the parabola whose focus is the origin and whose directrix 
is 32—4y=6. Find its equation, the equation of its axis, its latus 
rectum and the coordinates of its vertex. 

2. Draw the parabolas whose foci and directrices are as follows ; 


find their equations, the equations of their axes, their latera recta, 
and the coordinates of their vertices : 


(i) focus: (3, 4); directrix : y=2. 

KB): So ee 1) e 4a —3y —6=0. 
Git) , (1,1); > 3a+4y—8=0. 
(iv), (ined a 47+ 3y —6=0. 

eats 6 (Oc0y: is 5a+12y—13=0. 


3. Show that y=xv—.z? may be defined geometrically as the locus 
of a point which moves so that its distance from (1/2, 0) is equal to its 
distance from y=1/2. Give a geometrical definition of w=y—y?. 
Sketch both curves. 

4, Find the focus and directrix of each of the parabolas 

yan’, y= — 2’, n=y’, Le =) 

5. Refer the curve whose equation is y=xz*—4xv+1 to parallel 
axes of € and 7 through the point =2, y=—3, and prove that it 
represents a parabola. Find its latus rectum; and also the focus 
and directrix referred to the w and y axes. 

6. Prove that y=2?, y=(#@-1)4, y=a2?-2242, y=2?+32+3 and 
y=x2?+prt+g are congruent parabolas, 

7. Prove that 7?=4az and y?=4a(#+a) are congruent parabolas, 


8. Prove that y=207, y=2u?+404+3, y=227+pux+gq are congruent 
parabolas. 
9. Prove that y=az?+bx+e represents the parabola whose 


a whose latus rectum is the absolute value 


‘vertex is ( ——, — 
( 2a 4a ee 

of 1/a, whose axis is parallel to the y-axis, and whose concavity is 

upwards cr downwards according as @ is positive or negative. 


10. Find the equation of the parabola whose axis is parallel to 
the y-axis and which passes through the points (1, —3), (2, — 4), 8, — iby 

11. If av?+bv+c and dx?+ex+/f have equal values when #=2,, 
®=L, and w=23, prove that they have equal values for all values 
of x. 
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12. Parabolas with their axes parallel to the y-axis are drawn 
through the following sets of three points; find whether their 
concavities are turned upwards or downwards : 

(i) (0, 1), (—1, 6), , 3); (ii) (0, 1), (-2, —5), (3, —5) 5 
(iii) (=1, 2), (-2, — 2), d, — 8) 3 (iv) di, 0), (> 1, 4), (2, 7). 

13. Find the distance between the foci of each of the following 

pairs of parabolas : 
(i) Y=4ar and y?=4b(7+b); 
(ii) y=4a(e4+b) and y*®=4e(x+d). 

14, P is the centre of a variable circle which touches the x-axis 
and the fixed circle, centre (0, a), radius a; prove that the locus 
of Pisa parabola. Find its latus rectum, the coordinates of its focus 
and the equation of its directrix. 


15. A variable circle passes through a fixed point A and touches a 
fixed straight line Z; and AP is the diameter of the circle through A. 
Prove that the locus of P is a parabola ; and find its focus, vertex and 
directrix. 

16. A variable point P moves so that the length of the tangent 
from P to the circle #?+7?=2ay is equal to the ordinate of P ; prove 
that the locus of P is a parabola. 


17. The vertex A of a variable triangle ABC is the fixed point 
(0, p); the variable vertices B, C move on the x-axis so that OB? + 0C? 
is constant, where the origin O is the foot of the perpendicular from 
A to BC. Prove that the locus of the cireum-centre of the triangle 
is a parabola. 

18. A variable circle cuts a fixed circle at right angles and touches 
a fixed straight line. Prove that the locus of its centre is a parabola. 


_ 19. A chord PQ of the parabola whose vertex is A meets the axis 
in O. If MP, NVQ ave the ordinates of P and Q, prove that 
AM.AN=A0% 


20. Two chords PP’ and QQ’ of a parabola intersect at a point on 
the axis; prove that the rectangle contained by the ordinates of 
P es P’ is equal to the rectangle contained by the ordinates of Q 
and Q. 

21. If Pp be a focal chord of a parabola, of vertex A and focus S, 


and if AP, Ap meet the latus rectum in B rove that SQ, S¢ are 
equal to the ordinates of p, P. OP @, Sq : 


22. MP is the ordinate of any point P on a parabola of vertex A. 
PM is drawn perpendicular to AP to meet the axis in M; MQ 
perpendicular to the axis meets the parabola in @. Prove that 

QM*— PN*=16AS2. 


23, A parabola is described through four consecutive angular 
oints of a regular hexagon. Show that the radius of the circle 
inscribed in the hexagon is equal to the latus rectum of the parabola. 
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24. If from the vertex of the parabola 7?=4az a pair of chords be 
drawn at right angles to each other, find the equation of the locus of 
the middle point of the chord joining the further extremities. Show 
that the locus is a parabola, and find its latus rectum and the 
coordinates of its vertex and focus. 


25. Prove that the locus of the middle points of a series of chords of 
a parabola drawn through its vertex is a parabola. 


26. Given the axis of a parabola and two points on the curve, 
determine the focus and directrix. 


27. A variable chord of a parabola subtends a right angle at the 
vertex. Prove that it passes through a fixed point. 


28. Find the coordinates of the middle point of the chord of the 
parabola 7?=4av whose equation is y=x-+c, and deduce the equation 
of the locus of the middle point as ¢ varies. 


29. Prove that y=2a/m is the locus of the middle points of the chords 
of the parabola y2=4ax which have a gradient m. 


30. Prove that y=mx-+c is a tangent to the parabola y?=4ax if 
c=a/m. 


126. The Ellipse. Let a variable point P move so that 
its distance SP from a fixed point S bears a constant ratio 


Bic. 113. 


e, less than unity, to its distance PM from a fixed line ZX ; 
then the locus of P is an ellipse of eccentricity e, focus S 
and directrivw ZX. The form of the curve is shown in 
Fig. 113. 
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Let A and A’ divide SX, the perpendicular from S to 

ZX, internally and externally, so that 
SA=e.AX and SA’=e.A’'X; 

let C be the middle point of AA’; and let B’CB, ISL, per- 
pendicular to AA’, meet the curve in B, Band I’, L. By 
the definition of the ellipse, SB=e.CX and SL=e.SX. 
Then 

AA’ is called the major axis and BB’ the minor axis ; 


C is called the centre and LL’ the latus rectum of the 


ellipse. 
Let AA’=2a and BB =26b. 
THEOREMS. 

CS=8°CA = > | 24:5 6-u-winne tease (1) 

GA=6. 0X or OF =a/es i. idee (2) 

GS OA eI At 089. Fo cree nee eee (3) 

Pr iP Ve onan ate nadig ame (4) 

EO! of. ee meek a eee eee (5) 


Proof.. (1) SA=e.AX and SA’=4.A’'X; 
therefore, by subtraction, 
SA’—SA =e(A’X —AX), that is, 2CS=2e.CA, 
whence CS=e¢.CA =ea. 
(2) Also, by addition, 
SA’+ SA =e(A’X + AX), that is, 204A =2e. OX 


whence CA=e.CX or CX =a/e. 
(3) CS.eCX=eCA.CA, by (1) and (2); 
hence CS..CX =CA* =a? 
(4) b= CB = SB’— CS? =(e. CX)2— CS? 
=a?— ae, by (1) and (2), 
=a?(1—e), 


(5) SL=e. 8X =e(0X —C8)=e(%—ae) =a(1—e*) = 1a. 


é 


§ 126] EXERCISES XXXIV. 319 


The student will have noticed that we have not used 
“steps” in the proofs. In this respect we are following 
the customary practice of Geometrical Conics, and we shall 
continue to do so in similar cases. 


EXERCISES XXXIV. 


1. If CS=5 and CA=6, calculate e and the distances of S and @ 
from the directrix. 


2. If CA=6 and CXY=7, calculate e and the distances of § and A 
from the directrix. 


3. If a=5 and 6=3, calculate e and SY. 

If CA=6 and e=1/2, calculate CB, SX and SA. 

If CS=4 and CX=6, calculate CA, CB and e. 

If a=5 and e=4/5, calculate 6, CS, CX, AX. 

If b=4 and e=3/5, calculate a, CS, SA, SX. 

If a=5 and b=8, calculate the length of the latus rectum. 


et 


9. If the focus of an ellipse, whose eccentricity is 1/2, is 3 ins. 
from the directrix, calculate the lengths of the major and minor axes. 


10. Prove that SB=CA and that CS?+CB?=CA?. 

11. If AS/A’S=29/30, as in the case of the Earth’s path round the 
Sun, calculate e. q 

12. If CS=CB, calculate e. 

13. Prove that AS. A’S= CB 

In the following exercises the ellipse is referred to CA and CB as 
axes of z and y; CW, VP are the abscissa and ordinate of a point 
P(z, y) on the curve. 

14, If a=5, b=3, SP=4, prove that e=4/5, NXY=5, CN=5/4, 
NP= £3N/15/4 and 2?/a?+y2/b=1. a 

15. If a=5, b6=3, SP=3, prove that +=5/2, y=+3 3/2 and 
v/a? +47/b7=1. 

16. If (z, y) are the coordinates of Z, prove that 2?/a?+y?/b°=1. 

17. If (x, y) is a point where y= meets the ellipse, prove that 
2= tabNe+0R=y and 22/a*+77/P=1. 

18. Pis any point on an ellipse, U its projection on the directrix. 
If the bisector of the angle SPM meet SM in Q, find the locus of Q. 


19. If the focus of an ellipse be the common focus of two parabolas 
whose vertices are at the ends of the major axis, these parabolas will 
intersect in points whose distance from each other is equal to twice 


the minor axis. 
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427. Canonical Equation of the Ellipse. If the ellipse, 
whose semi-major and semi-minor axes are CA=a and 
CB=b, is referred to CA and CB as axes of @ and y, its 
equation, then called the canonical equation, is 


i ae 
Ah 
Let P(x, y) be any point on the curve (Fig. 113); let 
CN=aNP=y. 
Then y?=NP?=SP?—NS? =e. PM?—NS? 
= NX?— NS? | 
=e(CX —CN)—(CS—CN/ 


a 2 
-o(¢ —2) ~(ae—x), by (1) and (2) of §126, 


Ue 


=(a—ex)—(ae—x)P ° 
=a? + ea? — a2e? — 2? 
=(02—2°)(1—@) 


= (a? 2%). by (4) of $126. 


; yar —a? ie 
Therefore a= a= 1- 
ae y? 
ee ptpol 
Note. (1) The equation may be put in the form 
lg ets ae NE CB 


CA2—CN? CA?’ 


Ca a 
or, as it is usually written, 
WR. CB 
AN.NA’ CA? 
_ (2) The curve is symmetrical about both axes. For the 
image of P(a, y) in AA’ is (x, —y), which lies on the 


curve ; and the image of P in BB’ is (—2, y), Which also 
lies on the curve. 
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(3) Every straight line drawn through C and terminated 
by the curve is bisected at C. This follows from (2). 
Such a line is called a diameter. 


(4) For any point Q(z,, y,) inside the curve, 
Say 2 /b* <1: 
For if CQ meet the curve in P(z, y), 2,<a and y,<y 
(numerically), so that #2/a?+y?/b <a?/a?+y?/b2, and 
therefore < ]. 
(5) For any point R(«,, y,) outside the curve; 
tela? + y,?/b? > 1. 
If CR meet the eurve in P(a, y), «>a and y,>y 
(numerically), so that «,?/a?+y,2/b? > 2?/a?+y?/b2, and 
therefore > 1. 


Ex. 1. Find the equation of the ellipse whose focus is the origin, 
directrix r+y+2=0, and eccentricity 1/2. Find also the coordinates 


of its centre. 
Let S be the focus, PM the perpendicular from a point P(x, 7) 


on to the directrix ; then SP?=2Pu? 
2 
or + ypay( tHe?) 


which reduces to 74?+7y?—2ary—49—4y—4=0. 

Let X be the foot of the perpendicular from S to the directrix ; 
then X is the intersection of s—-y=0 and #+y+2=0, that is, 
(-—1,-1). But S4/AX=1/2 and SA’/A'X= —1/2, where A and A’ are 
the vertices. Hence (§10) A and A’ are the points (—1/3, —1/8) 
and (1,1). But C, the centre, bisects 4A’; therefore C is the point 
(je, 1/8). | 

Ex. 2. Perpendiculars through P to PA and PA’ meet the major 
axis in Mand M’ ; prove that J//’ is equal to the latus rectum. 

Let P be the point (7, y,). Then gradient of PA is y,/(x,—a) ; so 
that gradient of PM is (a—.«,)/y,, and the equation of PM is 


aX, 
== — (7 — 1). 
LEHR on ( 1) 


2 
When y=0, v=CM; therefore CM=2,+ a 
E Vy —a 
duacee i. yy? 
Similarly OM a aaa 
fae, She 


Therefore UM’ =CM'—-CM=2a. & f a=? since 2/a?+y,7/P=1. 
ea 


G.A.G. 
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EXERCISES XXXV. 


GF 

= => 1 

25 * 16 

2. Find the eccentricity and the latus rectum of the ellipse 
v7}25 +47/9=1. 


3. Find the canonical equation of the ellipse whose minor axis 
is 6 and latus rectum 2. 


1. Find the eccentricity of the ellipse 


4, Find the distance from the focus to the directrix of the ellipse 
27/16 +9?/7=1. 
5. Find which of the following points are inside and which are 
outside the ellipse specified by a=5 and b=3: 
(2, -3); (—4, 2); (—0°3, 3-2); (3-2, 2°8). 
6. Determine the points of intersection of the ellipse 
#/a+y/b=1, 
and the diameters formed by the bisectors of the angles formed 
by the axes. Find also the length of either diameter. 


7. Find the distance from the centre of the ellipse specified by 
a=5, b=, to either of the points on the curve whose abscissa is 2. 


8. Establish the following formula for the length of the semi- 
diameter of gradient tan 6: 
B2 
~ 1-e cos? 
This is the polar equation of the ellipse, referred to C as pole and 
CA as initial line. 


yr 


9. If the diameter of gradient unity is equal to the major semi- 
axis, find the eccentricity of the ellipse. 


10. Establish the formulae : 
SP=,/{(ae— x)? +47} ; 
SP=a-—ex. 


11. The points (#, y), (—«, y), (—x, —y), (x, —y), A, A’ are the 
vertices of an equilateral hexagon inscribed in the ellipse 


aa? +y/P=1 ; 
prove that 2= aa +0") ; 


12, If CA and CB are the lines 2vn—y+1=0 and x+2y—3=0, 
and CA=5, CB=3, find the equation of the ellipse. ; 
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13. If CB is the line 47+3y+2=0, and S and A are the points 


© 


(1, 1) and (2, 7/4), find the equation of the ellipse. 


14. Find the centres, and the equations and lengths of the axes 
of the following ellipses ; and sketch the curves: 


Teor ies eee x 

UR ai ee ©) GoptG@aopent 
yey po t2) iy) (=? , (@+9 

i = wD G2 0.8 TO 
(iii) q ae 3 il (iv) ae ang . Ie 

(80+ 4y)P , (4a—3y)? _ +) (v= 2y+1)? , Qa+y+1P 

SOTO geen Ana G A ames aa ware gia” 
(vii) 327+ 47?—6x2+ 8y=5. (viii) 87+ 45y?—87+607+12=0. 
(ix) 9a?+ 37? — 127+ 6y=2. (x) 947+ 3y?+ 127+ 6y=2. 


15. Draw on squared paper the ellipse whose focus is the origin, 
directrix x—y=5 and eccentricity 4/5. Find its equation and its 
latus rectum. 

16. Draw on squared paper the ellipse whose focus is (1, 2), directrix 
3c—4y+10=0 and eccentricity 1/2. Find its equation and the 
coordinates of its centre. 

17. One vertex of a variable parallelogram OAPB is fixed at the 
origin 0. The adjacent sides OA=a and OB=b make equal and 
opposite angles with the z-axis, while the parallelogram opens 
and shuts. Prove that P traces out the ellipse 

Pe: e: foo 
(a+byP (a—by 

18. A straight line of fixed length moves so that its extremities lie 
on two rectangular axes ; prove that every point on it traces out an 
ellipse. 


19. If a circle roll inside another of double its radius, show that 
the extremities of a diameter of the rolling circle, invariably connected 


il, 


‘with it, describe perpendicular straight lines and that any point 


invariably connected with the rolling circle but not on its circumference 
describes an ellipse. 


20. Circles are described on ACA’, BCD’, the axes of an ellipse, as 


- diameters; a variable radius vector CQ meets the first circle in Q 


, 


and the second in &; parallels through @ and & to CB and CA 
respectively meet in P. Prove that the locus of / is the ellipse. 
Draw the ellipse specified by a=5, b=3. 
21. Pisa point on the ellipse whose axes are A’CA, B’CB and n is 
the projection of P on the minor axis B’CB ; prove that 


nP?: Bn .nB=CA? : CB. 
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22, N@ is a variable ordinate of the circle 2?+y?=a", and P is 
taken on VQ so that VP=}NQ ; prove that the locus of P is the ellipse 


If we=8. NQ, find the equation of the locus of P, and the area 


contained by the locus. 


23. ACA’ and BOB’ are straight lines of lengths 2a and 26 
respectively, which bisect one another at right angles at C; on ACA’ 
are taken points Q and Q’ so that CQ.CQ’=a._ If BQ, BY’ cut at P, 
find the equation of the locus of P, and sketch the locus. 


24. A point P moves so that the length of the tangent from P to 
a given circle bears a constant ratio e, less than unity, to the 
perpendicular distance of P from a given tangent to the circle. 
Prove that the locus of P is an ellipse whose eccentricity is e and 
whose latus rectum is equal to the diameter of the circle. 


25. CP and CQ are two perpendicular semi-diameters of the ellipse 
v/a? +y?/6°=1; prove that ; 


1 i LA 
OP? OR at 
26. If the two ellipses 
parte ay 


pat peer Ps 1 
—+2,=1 and) —,+2,5 
ait B att be 


have the same eccentricity, prove that a/a,=6/b,. If a radius vector 
CPQ meet the first in /? and the second in Q, prove that OP: CQ is 
constant. (The ellipses are said to be homothetic or similar and 
similarly sitwated.) 

27. If P is a point on the ellipse «?/a?+y?/b?=1, and CS’ equal to 
CS is cut off from CA’, and if SP and S’P are at right angles, show 
that the ordinate of P is equal in length to SY. 


28. On CA, CB as diameters, circles are described ; find the coordi- 


nates of their points of intersection with the ellipse whose semi-axes 
are CA and OB. 


29. Ifa tangent to the circle whose equation is 
a4? =a2b?/(a2-+ 02) 

meet the ellipse 2/a*+y?/b2=1 in P and Q, prove that PQ will 
subtend a right angle at the centre of the ellipse. 

30. Find the coordinates of the middle point of the chord of the 
_ ellipse 2v?+ 37*?=6, whose equation is +y=1. 
31, Find the locus of the middle points of chords of the ellipse 
ax + by*=1 parallel to the diameter y=mz. 


32. Find the equation of the ellipse whose focus is (1, 2), directrix 
x+y=1, eccentricity 1/2. Find the equation of the straight line 
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which bisects all chords parallel to the z-axis. Draw the curve and 
the line. 


33, Prove that a pair of common chords of the circle 22+ y?=a2—b? 
and the ellipse «?/a?+¥y?/b2=1 pass through the common centre. 
Find the equation of the pair. 


34. Prove that y=mx+Va2m?+ db? 
are the tangents of gradient m to the ellipse x?/a?+y?/b?=1, and that the 
join of the points of contact passes through the centre. 


35. Prove that Ix+my=n is a tangent to the ellipse x2/a?+-y?/b?=1 if 
a1? + b’m? =n’. 


128. Foci of the Ellipse. If the ellipse (Fig. 113) be folded 
about the minor axis BB’ so that A falls on A’, the two 
halves of the figure will be superposed. Let P fall on P’, 
S on 8’, ZX on ZX’, PM on P’'M’. Then S’P’=e. PM’, 
so that the ellipse may be traced from S’ and Z’X’ as focus 
and directrix, instead of from S and ZX. The ellipse has 
thus two foci and two corresponding directrices, and the 
following theorem, which was taken in § 71 as the definition 
of an ellipse, can now be proved. 


THEOREM. 
The sum of the focal distances of any point on an 
ellipse is constant and equal to the major axis ; or 
SP+S’P=AA’. 

Proof. We have (Fig. 113), if CN =a, 
SP=e.PM=e.(CX —CN)=e.CX—e.CN=a-e, (1) 
S’/P =e. M’P=e.(X’C+CN)=e.CX+e.CN=a+ee, (2) 

because e.CX =CA=a. By addition, we now get 
SP+S'P=2a=AA’. 
The relations (1) and (2) that express the focal distances 
of a point in terms of a, e, and a, the abscissa of the point, 
are of some importance. 


EXERCISES XXXVI. 


1. A string, 10 in. long, has its extremities at fixed points 8 in. 
apart. If the string is kept tight by a moving point, find (i) the 
eccentricity, (ii) the major axis, (iii) the minor axis of the ellipse 
traced out by the moving point. 
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2. If the ellipse «?/49+7?/16=1 is drawn by the use of a string, 
find the length of the string and the distance apart of its extremities. 


3. If S and S’ are the points (ae, 0), (—ae, 0), and a variable point 
P(a, y) moves so that SP+ 8’ P=2a, establish directly the equations : 


ee ee aati, We 
(i) SP=N(ae—«P+y, ~ (ii) S'P=V(ae+x+y, (iii) @ipnth 
putting 6? for a?(1 —e’). 


4, One circle lies completely within another. If a variable circle 
move so that it touches the inner of the fixed circles externally and 
the outer internally, prove that the locus of the centre of the variable 
circle is an ellipse, having for foci the centres of the fixed circles. 


5. A variable circle, centre P, touches the fixed circles 
v+y?—-20x=0 and 2?+y?—287+160=0. 


Find the equation of the ellipse which is a locus of P, and the 
eccentricity of the ellipse. 


6. ABCD is a jointed frame-work consisting of four rods AB, AC, 
DB, DC, of which the members AC and BD cross at P. If AB=CD 
and AC=BD, and if A and B are fixed, prove that the locus of P is 
an ellipse whose foci are A and B If AB=a, AC=b, find the 
eccentricity of the ellipse. 


7. If P is a point on the ellipse, eccentricity e, and foci § and Ss’, 
prove that io. 


1l+e 
8. A is a fixed point within a fixed circle, centre B. Through 4 is 
described any circle, centre C, of the same radius as the fixed circle, 


and intersecting it at @ and & If AC and QR cut at P, prove that 
the locus of P is an ellipse of foci A and B. 


tan $PSS’ .tan$PS’S= 


129. The Hyperbola. Let a variable point P move so 
that its distance SP from a fixed point S bears a constant 
ratio ¢, greater than unity, to its distance PM from a fixed 
line ZX ; then the locus of P is a hyperbola of eccentricity 
e, focus S and directrix ZX. The form of the curve is 
shown in Fig 114. 

Let A and A’ divide SX, the perpendicular from the 
focus to the directrix, internally and externally, so that 


SA=e.AX and SA’=e.A’X; 


let C be the middle point of AA’, and let L’SZ perpendi- 
cular to AA’ meet the curve in L’ and ZL. ; 
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Then AA’ is called the transverse axis of the hyperbola 
and is denoted by 2a; C is called the centre and L’L the 
latus rectwm of the hyperbola. 

If B’CB be perpendicular to AA’, and B’‘C=CB=b, where 
b?=a?(e?—1), then B’B is called the conjugate axis of the 
hyperbola. 


Fic. 114. 
THEOREMS. 
(OS SORA Ces ovine, oepaity as teases sss (1) 
OA me. OX Or CX = G65 3 ory inca stereos axe (2) 
OR ON OA ies etal ences tetenan (3) 
2 
SL=a(e—1)=—. aA Meat Wee ee: (4) 


Proof. (1) SA=e.AX and SA’=e.A'X; 
therefore, by addition, 
SA+SA’=e(AX+4A’X), that is, 20S =2e.CA, 
whence CS=e.CA =ea. 


328 ANALYTICAL GEOMETRY. [CH. XVIII. 


(2) Also, by subtraction, 
SA’—SA =e(A’X —AX), that is, 20A =2e.CX, 


whence (Axe Ok. oF Ok =<. 


(3) OS.e.0X=e.CA.CA, by (1) and (2); 
hence CS .CX =CA?=a?. 


b2 
(4) SL=e. 8X =e(0S—OX)=e(ae—*)=a(e-l) == 
since b?=«a?(e?—1). 


EXERCISES XXXVIL 


1. If CS=6 and CA=5, calculate e and the distances of S and 0 
from the directrix. ; 


2. If CA=6 and CS=7, calculate e and the distances of S and A 
from the directrix. 


3. If a=4 and b=3, calculate e and the distance from the focus to 
the directrix. 


4, If a=3 and b=4, calculate e and the distance from the focus to 
the directrix. 


5. If CA=6 and e=2, calculate CB, SX and SA. 

If CS=6 and CX=4, calculate CA, CB and e. 

If a=5 and e=8, calculate b, CS, CX, AX. 

If b=4 and e=§, calculate a, CS, SA, SX. 

9. If a=3 and b=5, calculate the length of the latus rectum. 


10. If the focus of a hyperbola, whose eccentricity is 2, is 3 in. 
from the directrix, calculate the lengths of the transverse and 
conjugate axes. 


11. Prove that AS. A’S=CB? and AS/A’S=(e-1)/(e+1). 
12. If e> 2, show that b> a. 
13, Draw on squared paper the hyperbola where CA=2, OS=3. 


14, If / is the semi-latus rectum of the hyperbola specified by 
CA=a, CB=b and eccentricity =e, prove that 
1 ao el 


eae ae 5 aR OS=3-> 


PID 
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In the following exercises CA, CB are taken as axes of w and ¥; 
CN, NP are the abscissa and ordinate of P(x, y), a point on the 
hyperbola. 


15. If a=4, b=3, SP=5, then e=5/4, NX=4, CN=36/5, 
NP= +6N14/5 and 22/a?— y?/b?=1. 


16. If a=12, b=5, SP=13, then e=13/12, NY=12, CN=300/13, 
NP= +10V114/13 and a2/a?— 4?/b?=1. 
17. If («, y) are the coordinates of Z, prove that x?/a?—y?/b?=1. 


18. If 6>a and y=x meets the hyperbola in the point (x, y), 


prove that a gy 
=y and iii L 


t=+ ; 
a? 


ab 
J = a 


130. Canonical Equation of the Hyperbola. If the hyper- 
bola, whose semi-axes are CA=a and CB=b, be referred 
to CA and CB as axes of « and y, its equation, then called 
the canonical equation, is 


x2 y? 
x 
Let P(x, y) be any point on the curve (Fig. 114); let 
CN=2,NP=y.) Then 
y?= NP? = SP? — NS*=e?. PM? — NS? 
=e. NX*— NS? 
=e(CN —CX)-—(CN — CS) 


=¢(2—*) —(w—aey by (1) and (2) of § 129, 


=(ex—a)’—(*a—aey 
=e? +o2—a?— we? 
=(a—a?)(@-1) 


therefore ia lige am i 


or a oP a 
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Note. (1) The equation may be put in the form 
a NT? OB? 


@—o a “ ON?—CA® CA” 
or, as it is usually written, 
NFP? CB 
AN.A'N CA 


(2) The curve is symmetrical about both axes; for the 
image of P in AJA’, viz. (x, —y), is on the curve, and the - 
image of P in BB, viz (—z2, y), is also on the curve. 

(3) Every straight line drawn through C and terminated 
by the curve is bisected at C, such a line being called a 
diameter of the hyperbola; for if PCP’ is bisected at C, P’ 
is the point (—x, —y), and (—#, —y) is on the curve. 

2 ape 

(4) 4a <1 for any point (#,, y,) outside both 

branches of the curve. 


2 2 
(5) Oe > 1 for any point (%,, y,) inside either branch 


of the curve. 
EXERCISES XXXVIII. 


2 2 
1. Find the eccentricity of the hyperbola > -7 =1, 


16 
2. Find the eccentricity and the semi-latus rectum of the hyperbola 
dios ia 
16. Oo 


3. Find the canonical equation of the hyperbola whose semi- 
conjugate axis is 3 and semi-latus rectum 1. 

4. Find the distance from the focus to the directrix of the 
at ye 
1447 25~* 
_ 5, Find which of the following points are inside and which are not 
inside a branch of the hyperbola specified by a=4, b=3: (2, —5), 
(-5, 2), (6, ~4), (=7, —4). 


b : : : ‘ 
6. If m<", find the coordinates of the points of intersection of 


hyperbola 


Bk gt 
y=me« and y= —mx with the hyperbola =~ Gel. Discuss the case 


where m=-. 
a 
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7. Show that the bisectors of the angles formed by CA and CB 
meet the curve in four real and distinct points if b> a. 


8. If a=b, prove that e=,/2. 


9. Find the distance from the centre of the hyperbola specified by 
a=4, b=3, to the points on the curve whose abscissa is 6. 


10. Establish the following formula for the length r of the semi- 
diameter of gradient tan 6: 
b2 


= =—~—. 
e? cos?9 —1 
When is 7 real and finite, infinite, imaginary ? 


This is the polar equation of the hyperbola referred to Cas pole and 
CA as initial line. 


11. Establish the formulae: 
SP=J(ae-2)+y} 
SP =exr—a. 


12. Find the equations and lengths of the axes, and also the co- 
ordinates of the centres of the following hyperbolas. Sketch the 
curves 


() GY G1; @) E-F=1; 


(iii) 3a?—4y?-—6x-—8y=13; (iv) 827—457?-8xr—60y=28 ; 
(c—2y? _(y+2aP _,.  (@-yt+l? _(e@t+y—-2P_ 
US Taipan a lpn oe oe ee OE TS Nama 


13. Draw in one diagram the hyperbola «#?/a?—y?/b?=1, and the 
lines y= + bx/a. 


Ope fp : 
14. Draw in one diagram the hyperboia ~ae —J, and the lines 


‘y= + be/a. 

15. If a radius vector CP=r be drawn to meet the hyperbola 
2/42 —y?/b2=1 in P, and another radius vector CP’ =", perpendicular 
to OP, to meet the hyperbola 7*/b?—.«?/a2=1 in P’, prove that 

Lee 2 ee 
7 7? a BB G 

16. Draw on squared paper the hyperbola whose focus is (—2, 1), 
directrix «+y=2, and eccentricity 2. Find the equation of the curve 
and its latus rectum. 

17. Draw on squared paper the hyperbola whose focus” is the 
origin, directrix «+y=3, and eccentricity V2. Find its equation and 
the coordinates of its centre. 
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18; Prove that the equations 
y=mx +~/a"m?—b? 
give the tangents of gradient m to the hyperbola x?/a?—y?/b?=1. 
19. Prove that the line lx-++-my=n touches the hyperbola 


x/a?—y?/b?=1 if a?l?—pb*m?=n?. 


131. Foci of the Hyperbola. If the hyperbola (Fig. 114) 
be folded about the conjugate axis BB’ so that A falls on 
A’, one branch of the figure will be superposed on the 
other. Let P fall on P’, S on 8’, ZX on ZX’, PM on PM’. 
Then S’P’=e.P’M’, so that the hyperbola may be traced 
from 8’ and Z’X’ as focus and directrix instead of from S 
and ZX. The hyperbola has thus two foci and two corre- 
sponding directrices, and the following theorem, which was 
taken in § 72 as the definition of .a hyperbola, can now be 
proved. 


THEOREM. 


The difference of the focal distances of any point on a 
hyperbola is constant and equal to the transverse axis; or 


SP -S'P =AA" 
Proof. We have (Fig. 114), if CN =a, 
SP=e.MP=e.(CN—OX)=e.CN—e.CX =ex—a, (1) 
S’P=e.M’P=e.(CN+X’C)=e.CN+e.CX =ex+a, (2) 
because e. CX =CA=a. By subtraction, we now get 
S’P—SP=2a=AA’. 


LE te were on the other branch, the abscissa 2 would be 
negative, and we should have 


SP=—exn+a,...... ie ba S’P=—-en—«a...... (2°) 
and SP—S’P=2a=AA’. 


The expressions (1), (2), (1’), (2’) for the focal distances 
are of some importance ; these expressions are all positive. 
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EXERCISES XXXIX. 


_ 1. In the mechanical description of a hyperbola, § 72, the ruler S’K 
is 12 in. long, the distance between the fixed end S$’ of the ruler and 
the fixed end S of the string is 10 in. and the string is 4 in. long ; 
find (i) the eccentricity, (ii) the transverse axis, (iii) the conjugate axis 
of the hyperbola described. 


a ee : 

2. If the hyperbola te: is mechanically described, what is 
the distance between the fixed ends of ruler and string ? 

3. If S and S’ are the points (ae, 0), (—ae, 0), and a variable point 
P(x, y) move so that SP~ S8’P=2a, establish directly the equations : 

(i) SP=J{(ae—ayP+y7}; (ii) S’P=/(aet+a)P+y"} ; 
(111) 2?/a?—7?/b?=1, putting b?=a?(e?— 1). ‘ 

4, One circle lies completely outside another. If a variable circle 
move so that it touches both circles externally, or both internally, 
prove that the locus of the centre of the variable circle is a hyper- 
bola, having for foci the centres of the fixed circles. Discuss the 
case where the contacts are one internal and one external. 

5. A variable circle, centre P, touches the fixed circles 

v+y—8e+12=0 and w*+77+8r+15=0; 
find the equations of the hyperbolas which form the locus of P, and 
their eccentricities. 

6. Through a given point P, outside a fixed circle, centre C, is 
described any circle of the same radius as the fixed circle. If the line 
joining the centre of the variable circle to P meet the common chord 
of the two circles in Q, prove that the locus of Q is a hyperbola whose 
foci are C and P. 

7. A point moves so that the lines joining it to two fixed points 
form an isosceles triangle with a fixed straight line ; prove that the 
locus of the point is a hyperbola. 

8. A variable circle touches two fixed straight lines on which A 
and B are fixed points. The second tangents drawn from A, B to the 
circle meet in P. Prove that the locus of P is a hyperbola. 


132. The Asymptotes of the Hyperbola. The equation , 
27/0? — y?/b?=1, may be written in the form 


(2-¥\ (249) <1: Praiees aL) 
The two lines 


ae 747— ty 
FH 0....2) and FA F=0 corre (3) 


334 ANALYTICAL GEOMETRY. [CH. XVIII. 


are the asymptotes of (1). For if we solve equations (1) 
and (2) or equations (1) and (3) as simultaneous equations, 
we get the anomalous equation 0=1, where a quadratic is 
in question. Hence (§ 117) the lines (2) and (3) both meet (1) 
at two points at infinity, and may be considered tangents 
to (1) whose points of contact are at infinity. Lines (2) 
and (3) are shown in Fig. 114. The asymptotes have 
certain important properties which we proceed to investigate. 


THEOREM 1. 


If parallels to the asymptotes of a hyperbola drawn from 
a point P on the curve meet them at M and N, then 
PM .PN is constant. 


Fie. 115. 


Let PH, PK (Fig. 115) be the perpendiculars from the 
point P(x, y) on the hyperbola (1) to the asymptotes (2) 
and (3). Then (numerically) 


ete | z 
PH. PK=—+——._o 0) : a 
saat Ll a? + 6? 

late Viatel ate 


because x?/a? —y?/b?=1. 
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Now let 2 be the angle between the asymptotes; then 
(numerically) 


PMsin2w=PH and PNsin2o=PK; 


therefore PM. PN sin?20=PH.PK=—~°-., 
a? +b 
so that PM .PN is constant. 
Since tan w=b/a, 
on 2tanw — 2ab 
oan +tan?w a?+b? 
Hence, PM.PN= ar e 


so that the value of the constant is (a?+b?)/4. 
The theorem may be stated analytically as 


THEOREM 2. 


If a hyperbola, of semi-axes a and b, be referred to its 
asynvptotes as axes of x and y, its constraint equation may 
be written in the form, 

cv e 
and its freedom equations in the form 


x= Ct, y=) 


where c? =(a?+b?)/4. 

These axes are rectangular if, and only if, the asymptotes 
are at right angles to each other; in this case the hyperbola 
is called a rectangular hyperbola, or an equilateral hyperbola. 

If the axes are not the asymptotes but lines parallel to 
the asymptotes, then, as is easily seen by changing the 
origin, the equation of the hyperbola will take the form 

axy +bx+cy+d=0, 
an equation which may also be written in the form 


_ px+d 
rx-+s 
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THEOREM 3. 


If PM, PN, P’M’, PN’ are drawn parallel to the © 
asymptotes from points P, P’ on the ewrve, then MN’, M’N 
and PP’ are parallel. 

For, in Fig. 115, MN’, M’N are parallel if 

COM :CM’=CN’:CN, 
that is, if CM.CN=CM’. CN’; and this is true, since P, P’ 
lie on the curve ry =c’. 

Again, parallelogram CMPN=parallelogram CM’P’'N’, 
since CM .CN=CM’. CN’. 

And the parallelograms CMPN, CM’P'N’ are double the 
triangles VM’P, NM’P’ respectively ; so that the triangles 
NM'P, NM’P’ are equal, and therefore M’N is parallel 
tO.F L 


THEOREM 4. 


If the chord PP’ of a hyperbola meet the asymptotes 
Red, then RP=RP., 

Using the notation of Theorem 3, we see that MN’, M’N, 
PP’ in Fig. 115 are the diagonals of parallelograms, and 
that the other diagonals form one and the same straight 
line through C. Hence the same diameter of the hyperbola 
bisects PP’ and MN’. But the diameter which bisects 
MN’ also bisects the parallel RR’; therefore PP’ and R#’ 
have the same middle point, V, so that RP=R’P’. 


THEOREM 5. 


The locus of the middle points of parallel chords is a 
diameter. 

The diameter which bisects PP’ in Fig. 115 also bisects 
MN’. As PP’ moves parallel to itself, so does MN’, and 


MN’ is constantly bisected by the same diameter ; therefore 
so is PP’ 


THEOREM 6. 


The portion of a tangent intercepted between the 
asymyptotes 1s bisected at the point of contact, and the 
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tangent forms with the asymptotes a triangle of constant 
ared. 

The first part follows from each of Theorems 3 and 4, 
Take Theorem 3 and let P’ (Fig. 115) move into coincidence 
with P; then M’ coincides with M and N’ with V; PP’ 
becomes the tangent at P, so that the tangent at P is 
parallel to MN. If the tangent meet the asymptotes at 
T, T’, then PT and PT" are both equal to MN. 

Again, triangle CTT’ is twice the parallelogram CMPN, 
and therefore its area is constant. 


133. Polar Equation of a Conic. The polar equation of 
a conic with the focus as pole is often useful, and though 
we shall make little use of it in this book, we shall establish 
it here so that it may be referred to when required. 

Take S’ in Fig. 113 as pole and S’X’ as initial line; 
denote S’P by r and angle X’S’P by 6. Then 


S’P =e. MP =e. X'N=e(X'S'+8'N) =e. X'S’ +e. 8'N. (1) 


But e.X’S’ is equal to the semi-latus rectum, which we 
shall denote by J; also 


S’N=S8’P cos NS’P=r cos (17 — 0) = — 7-08 0. ...... (2) 


Equation (1) now becomes 


r=l—ercos@ or r(1+ecos@)=l, ............(3) 
so that the required equation is 
L 

T= 1+ecos@ i ee ee ee oC ey (4) 


The proof holds for any conic; for the parabola e=1. 


Tf the initial line is not S’X’, but a line which makes 
with S’X’ the angle a, then the vectorial angle @ will not 
be X’S’P but X’S’P increased or diminished by «; instead 
of 6 in equation (4) we shall have (0 + «). 

The changes in equation (4) when the vectorial angle is 
not X’S’P but XS’P, or when the focus S, instead of S’ 

is pole, will be easily made. 


G.A.G. NG 
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Ex. Show that the semi-latus rectum is the harmonic mean between 
the two segments S’P, S’Q of any focal chord PQ. ay 
Let 6 be the angle Y’S’P; then (6+7) is the angle X’S’Q. From 
equation (4) we have 
1 1+ecos@ 1 _1+¢e¢os(6+7) 
Soe bua Oo) l : 
1 ye 
and therefore WP +9977 
since cos(6+7)=—cos 9. Hence (§ 44) / is the harmonic mean between 
S’P and S'Q. 


EXERCISES XL. 


1, Prove that the line y=mzx meets the curve 2?/a?-—4?/b?=1 in 
real points if m lies between b/a and — b/a. 


_2. What are the asymptotes of the hyperbolas : 
23 2 
(i) 4e*-9y2=36; (ii) at-y@=1; Git) @SP_ OHI) 
a)? ee 
Ss 1; (v) pe ey 


Draw the curves and the asymptotes. 


3. Prove that the conjugate hyperbola «?/a?—y?/b?=—1 has the 
same asymptotes as w?/a*—y?/b2>=+1. Show the asymptotes and both 
curves in one diagram. 


4, If the asymptotes of a hyperbola of eccentricity e meet at an 
angle 2w, prove that sinw=Ve?—1/e, secw=e, and tanw=Ve2—1. 


5. If the two hyperbolas 
Ped ae le. 
ope ae bp 
have the same eccentricity, prove that a/a,=6/b,. If a radius vector 
meet the first in P and the second in Q, prove that CP: CQ is constant. 


(The hyperbolas are said to be homothetic or similar and similarly 
situated.) 


6, Discuss the variation of the form of the hyperbola 22/a?- y2/b?=4, 
as & diminishes from 1 to 0. 


7. A rectangle is formed by drawing parallels to AA’ through 
B, B’ and to BB through A, A’; prove that the diagonals of the 
rectangle are the asymptotes. 


e 


8. If the axes of w» and y are at right angles, show that the 
length of each axis of the hyperbola ay=c? is 2c,/2, 
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_ 9. Prove that xy+2xv—3y=0 represents a rectangular hyperbola. 
Find the equations of its asymptotes and the coordinates of its centre. 
Draw the curve and its asymptotes. 


10. Find the asymptotes of the hyperbola 
axy + b«+cy+d=0. 
11. Find the lengths of the semi-axes of the rectangular hyperbolas 
(i) ay=1; (ii) 6ay+4a—9y=7. 

12. Prove that the product of the perpendiculars from any point 
of the curve 3x7+4x7y=6 on to the asymptotes of the curve is the 
constant 6/5. Find the squares of the semi-axes of the hyperbola 
represented by 377+ 4vy=6. 

13. Find the asymptotes and centres of the hyperbolas : 

(i) Qa—y+1)(@+y—2)=3; (ii) 3x?-4xy—4y?—-5x-6y=8. 

14. Find the equation of the hyperbola whose asymptotes are 
parallel to 27+37=0, «—2y=0, whose centre is at (1, 2), and which 
passes through (5, 3). 

15. Show that the two chords of the hyperbola 

xy —22—3y+5=0 


which pass through (0, 2) and subtend a right angle at the origin 
are inclined to the x-axis at angles 135° and cot7! 5. 


16. P is any point on the fixed line y=mx, A and B are the fixed 
points (¢, 0) and (—e, 0). The line PQ subtends a right angle at each 
of the points A and B; prove that the locus of @ is a hyperbola one 
of whose asymptotes is the y-axis and the other the perpendicular 
through the origin to the locus of ?. Sketch the locus of Q. 


17. Prove that the equation of the tangent to 
ay =c*, 
at the point (7, 7), is 2/a,+y/y,=2. 
18.- Prove that the equation of the chord of wxy=c*%, whose 
extremities are (ct,, ¢/t,) and (ct, ¢/tg), is 


1 Z) x 
ya(e+, tyty 


Deduce the equation of the tangent at the point ¢. 


19. A parallelogram has its sides parallel to the asymptotes of a 
hyperbola and the extremities of one diagonal lie on the curve : prove 
that the other diagonal passes through the centre. Deduce that the 
locus of middle points of parallel chords of a hyperbola is a diameter. 


-20. A chord PQ of a hyperbola meets an asymptote in FR, and M, V 
are points on this asymptote such that J/P, NVQ are parallel to the 
other asymptote ; prove that CH= WR. 
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21. Any two points P, Q are taken on a hyperbola, centre C. 
Lines through P, @ parallel to the asymptotes meet in A. Prove 
that CA bisects PQ. 


22. E and F are fixed points on a hyperbola, ? a variable point. 
PE, PF meet an asymptote in M, V. Prove that MN is of constant 
length. By considering P at infinity on the curve, verify what the 
constant length is. 


23. Show that the tangents at the extremities of a chord of a 
hyperbola meet either asymptote in points equally distant from its 
intersection with the chord. 


24, MM’ is any chord of a hyperbola and P is an extremity of the 
diameter bisecting the chord. Lines M/A, PQ, M’K’ are drawn 
parallel to one asymptote to meet the other in A, Q, A’. Show that 
CK. CK'=C@, where C is the centre of the hyperbola. 


25. Prove that the tangents at the vertices of a hyperbola meet 
its asymptotes on the circumference of the circle of which the line 
joining the foci is a diameter. 


26. Given one asymptote of a hyperbola, two tangents and the 
point of contact of one of them, construct the other asymptote. 


27. The tangent at a point P on a hyperbola meets the asymptotes 
in 7, 7” and the circum-circle of the triangle C7'7” cuts the axes at 
G and g; prove that the line Gg is the normal at the point P (that is, 
the perpendicular at P to the tangent). 


28. The straight line #/a+y/b=1 meets the axes at A, B, and C is 
the middle point of AB. Find the equation of the hyperbola which 
passes through C and has the axes as asymptotes. If the axes are 
rectangular, find the length of either semi-axis. 


29, If 7, 7 be focal radii of an ellipse at right angles to each other, 


prove that (: (: 1)" 
ae ae a == 
PLL mod 


is constant, where / is the semi-latus rectum. 


30. If f, 7’ be two focal chords of a parabola at right angles to each 
other, prove that teas tte 


FOF we 
where @ is the semi-latus rectum. 


OH. XIX. § 134] 


CHAPTER XIX. 


THE ELLIPSE AS THE ORTHOGONAL PROJECTION 
OF A CIRCLE. 


134. The Auxiliary Circle. We shall now consider the 
ellipse from another point of view. On the major axis 
AA’ of the ellipse «?/a?+ y?/b?=1, as diameter, describe a 


circle ; its equation is 
) q e+y2=a?, 


Fic. 116. 


Let WP, an ordinate of the ellipse, meet this circle in 


? 


Q (Fig. 116). Then 


CN NL CONF ING ee 
ET oe oe Pena 
TP2 NO2 ip 
therefore Ey aes or NP=—- NQ. 
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Hence the ellipse «?/a?+y?/b?>=1 may be derived from 
the circle 22+y?=a? by shortening each ordinate VQ of 
the circle in the ratio b:a. Or we may suppose the circle 
AQA’ to be tilted round AA’, out of the horizontal plane 
of the paper, till Q lies vertically over P, then the upper 
half AQA’ of the circle will lie vertically over APA’, the 
upper half of the ellipse, and the under half of the circle 
will lie vertically below the under half of the ellipse. If 
vertical rays descend upon the circle in its tilted position, 
those which graze the circumference of the circle will mark 
the outline of the ellipse. Hence an ellipse is said to be 
the orthogonal projection of a circle. The circle on AA’ 
as diameter is called the auxiliary circle and P, Q are called 
corresponding points. 

The angle ACQ is called the eccentric angle of P, and if 
this angle is denoted by 6 the coordinates of P are 


x=acos0, y=bsin0. 


For cos pees ae and therefore «=a cos 6, 
CQ a 
ate NGA apy Lie te daa 
sin ek (cum and therefore VQ=asin 0; 
nae y=NP=".NQ=bsin 8, 


P is often called “the point 6.” 
The equations x=acos@, y=bsin#@ 
are Freedom Equations of the ellipse. 


Ex. 1. Show that the area of the ellipse is rab. 

Compare the areas of two strips, one bounded by the a-axis, the 
auxiliary circle and two ordinates VQ, V’Q’, and the other bounded 
by the z-axis, the ellipse and the two corresponding ordinates WP, 
N'P'. The line VN’ is the same for both strips, and all correspond- 
ing ordinates are in the ratio b : a, so that 


area of ellipse : area of circle=b : a. 


Therefore area of ellipse= : - (area of circle) =! . ra?=rab. 


Ex. 2. If M is the projection of P on the minor axis BB’, and if 
MUP meet the circle on BB as diameter in P’, show that MP : MP’ is 
constant and equal to a:b. Deduce the theorem that the circle on 


BB’ as diameter is the orthogonal projection of the ellipse. 
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We have, from the equations of ellipse and circle, 


MP2 CM? MP” 24 
aoe Be at poe =a 


MPM ME Ae 
oe GP MEY Se: 
By tilting the ellipse round BB’ till P lies vertically over P’, we 
prove the projection theorem, as we proved the corresponding theorem 
in the text on the relation of the auxiliary circle to the ellipse. 


so that 


135. The Tangent and Normal. The normal at any point 
P on a curve is the perpendicular through P to the 
tangenvu to the curve at P. We now prove 


THEOREM 1. 


Taungents at P and Q, corresponding points on the 
ellipse and the auxiliary circle, meet on the major axis at 


a povnt T such that ON .OT=CA2, 


where N is the projection of P or Q on the major axis 
(Fig. 116). 

Let QQ’, a secant of the circle, meet AA’ in 7’. Now 
tilt the circle, and the secant with it, round 7”’A A’ till the 
circle projects into the ellipse; 7’QQ’ then projects into 
T’PP’, the corresponding secant of the ellipse. Let 7” 
move along the major axis so that 7’QQ’ turns round Q, 
bringing finally into coincidence with Q; 7” will reach 
some point, 7 say, on the axis AA’. Since P, @ and dl Q 
are pairs of corresponding points, P’ will come into coinci- 
dence with P when QQ comes into coincidence with Q. 
Hence the tangents at P and @ to the ellipse and the circle 


will meet at 7’. 
From the similar triangles CVQ, CQT, we now have 


ON :0Q=CQ:CT 
or ON. OT =00? = CA’. 


In the same way, by making use of the circle on BA’ as 
diameter (§ 134, Ex. 2), we deduce 


344 ANALYTICAL GEOMETRY. [CH. XIX. 


THEOREM 2. 


The tangents at P and Q, corresponding points on the 
ellipse and the circle on BB as diameter, meet the manor 
axis at a point t such that 


On.Ct=CB*, 
where n is the projection of P or Q on the minor axis. 


From Theorems 1 and 2 we readily deduce the equations 
of the tangent and normal at any point P(acos 6, b sin @) 
on the ellipse a?/a?+ y?/b?=1. 

Let the tangent (Fig. 116) meet the major and minor 
axes in 7’ and t respectively ; 

os. CE 20 
th _— ow = >= a? 
es ae CN cos@ . Cn sin®@ 
and therefore the equation of the tangent is (§ 32, (4)) 


Jamie: hee 
oTt Ga) ee (1) 
xcos@ ysin@ . 
or ae Std, ciecuigtetares ater (2) 


If P is the point (@,, y,), then CT=a?/a,, Ot=b/y,, and 
equation (1) becomes 


The normal at P is the perpendicular to the line (2) 
through the point (acos6, bsin@); the equation of the 
normal is therefore 


rs js Bs : b 
(a a cos 8) (y—6sin 6) — 4=0 
Mg rape Nc ee 
cos@ sin@ — 


The equation of the normal at (z,, y,) is 


or gist ee ae (4) 
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Ex. 1. Show that the condition that the line 
LIN Ws eater corccose ee (i) 
should be a tangent to the ellipse x?/a?+4?/b2=1 is 
Pa? + mb? =n?. 
Equation (i) must, if the line touch the ellipse at the point 6, be 
equivalent to equation (2) above. Hence 


~_cos@ m_sin@ - 

== Sy og Ee Mate Sn SS TE ii 

ae err a ay Ss (i) 
and therefore a*l? + b?m" =n?(cos? 6 + sin? 9) =n. 


The point of contact is given by equations (ii). 

Otherwise. Express the condition that the equations of the line 
and the ellipse, regarded as simultaneous equations, should have a 
repeated solution. The equation for z is 


(a? + m*b?) x? — 2nla*x + a?(n? — mb?) =0, 
and the condition for equal roots is 
nat = a? (Pa? + mb?) (n? — mb?) 
or Pat + mb? =n?. 
Ex. 2. If SY, S’Y’ are the perpendiculars from the foci on the 
tangent PT at P, show that 
pela Sek = CB?. 


S is the point (ea, 0) and S’ the point (—ea, 0) (Fig 116); form the 
expressions (§ 30) for the lengths of the perpendiculars on the line 
given by equation (2) of the text, which may be written in the form 


bz cos + ay sin 6-—ab=0, 


and we get 
eab cos O— ab —eab cos @—ab 


Oss re cos?+a2sin?6) ./(b®cos? 6+ asin” 6) 
__ ab?(1 —e? cos?) 
~ 6200s? +a? sin? 9 
But ea?=a?— 6%, and the numerator becomes 
62 (a? — a? cos* @ + b? cos? 9) = b? (a? sin? @ + b? cos” 6), 
and therefore SY. S’ Y’=6*. 
Ex. 3. If p is the perpendicular from the centre C on the tangent 
PT at P, show that p=ab|./(a®sin? 6 +b? cos? 0). 
C is the point (0, 0); the required perpendicular p is therefore the 
numerical value of — ab)n/(b2c0s? 6 + a2sin® 9). ; 


Ex. 4. £ is the point of intersection of the normals at the points 
P and Q on the ellipse 2*/a?+y?/b?=1, and the line joining the centre 
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C to R bisects PQ; show that the tangents at P and @ intersect at 
right angles. é 

Let 0, ¢ be the eccentric angles of the points P,Q. 

Then the equations of PA, YR, the normals at P and Q, are 


ax up 2_ 72 
cos@ sind” ane 


Ob Oy s * 
cosh sing — 
Hence, by § 38, the equation of CR is 

ac by ax by 
cos@ sin@ cosd sing 
ax(cos p— cos) _ by(sin ¢—sin 6) 
cosdcosp — sin Gsind 


a? — 6%, 


or 


But CZ passes through the point 5 (cos 6+ cos ¢), *¢sin 6+sin o)}, 
since this is the middle point of PQ. 
a*(cos* — cos?) _ 6?(sin*¢— sin? @) 
cosGcosp — sin sind 
bcos@ beosd_. 
asinO asiné 


Now the equation of the tangent at P is 


Therefore 


>’ 


which reduces to 


ite 


& COS Oy sin 6 _ 
a b 
so that the gradient of the tangent is —bcos 6/asin 9; and similarly 
the gradient of the tangent at @ is —b cos d/asin ¢. 


But we have shown that the product of these is —1. 
Hence the theorem is proved. 


1, 


EXERCISES XLI. 
1, If x=acos 6, y=bsin 6, prove that 27/a2+7?/b=1. 


2. Find the eccentric angle of the point (4, —1:2) on the ellipse 
24/25 +y?/4=1. 


3. Prove that the eccentric angles of the extremities of the latera 
recta of the ellipse «?/a?+¥7?/b?=1 are given by the equation 
tan 0= + b/ae. 


4. Find the abscissae and ordinates of the points on the ellipse 
2 /a?+y"/b?=1 whose eccentric angles are 30°, 45°, 60°. 


__5. Prove that the eccentric angles of the extremities of a diameter 
differ by 7. ‘ 


6. Prove that, with the usual notation, 


SP=a(1—ecos@) and S’P=a(1+ecos 6). 
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7. If If is the point on the auxiliary circle corresponding to Z, an 
extremity of the latus rectum, prove that SM=CB. 


8.1 P-@): points on an ellipse, whose eccentric angles are 6, 4, 
correspond to the points p, g on the auxiliary circle, prove that the 
equations of P@ and pq are 


~ cos 3(6+.$)+% sin $(0+)=cos}(6- 9), 


7c 30+ $) +4 sin 8(0-+4)=c0s (0-4). 


Deduce (i) that PQ, pq intersect on the major axis, (ii) the equation 
of the tangent at the point 6. 
9. If Pand Q are corresponding points on the ellipse #*/a?+7?/b?=1 
and its auxiliary circle, and m is the gradient of CP, find the gradient 
of CY. 


10. If P, Q are corresponding points on the ellipse x?/a?+7?/b2=1 
and its auxiliary circle, and m is the gradient of the tangent at P to 
the ellipse, find the gradient of the tangent at Q to the circle. 


11. If x, is the abscissa and 6 the eccentric angle of P, prove that, 
with the usual notation, 
CT=a?/z,=a/cos 0, and NT=(a?—.2x,?)/z,;=asin?6/cos 0. 
NT is called the subtangent. 
12. If @ is the eccentric angle of P, prove that the gradient of the 
tangent P7' is —bcos 6/a sin 6. 
13. Prove that the equation of the tangent at the point (2, y,) on 
the ellipse x?/a7+7?/b?=1 is 
mad WLS al 
Pei eee. 
by using the equation of the tangent at the corresponding point on 
the auxiliary circle. 
14, If CD is the semi-diameter parallel to P7, the tangent at the 


point 6, prove that D is the point 045 or (—asin 6, 6 cos @), and that 


CP? + CD? =a? + b?. 
15. Prove that the circle on the subtangent V7 as diameter cuts 
the auxiliary circle orthogonally. 


16. The tangent at P meets the major axis in 7; AP and A’P 
meet the perpendicular to AA’ through 7 in @ and ¢ respectively ; 
prove that Q¢ is bisected at 7. 

17. If F is the projection of the centre C on a variable tangent at 
P to the ellipse #?/a?+7?/b?=1, prove that the maximum value of P?’ 
is a—b. 
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18. Find the condition that le+my=1 may be a tangent to the 
ellipse #?/a?+y?/b?=1. 


19. A variable circle of the same radius as the circle 
v*+y"+8r=84 
passes through the point (4, 0); prove that the common chord of the 
circles touches the ellipse #?/25+y?/9=1. 
20. Prove that the equations of the tangents to the ellipse 
e/a +7?/b?=1 
of gradient m are y=mr tn am? + 62. 
21. If AA’, BB are the principal axes of an ellipse and 4 A?=2BB?, 


show that the sum of the squares of the perpendiculars from B, B’ on 
any tangent to the curve is constant. 


22. Find the eccentric angle of @ if the tangent at Q@ is perpen- 
dicular to the tangent at P, whose eccentric angle is 6, and prove 
that the locus of intersection of the tangents at P, Q-is the circle, 
called the director-circle, whose equation is 


aty=art br 
23. Prove that the product of the distances of a chord of an ellipse 


from the two tangents parallel to it is the difference between the 


square of the semi-axis minor and the product of the perpendiculars 
on the chord from the foci. 


24. The tangent and normal at a point P on an ellipse meet the 


as axis in ¢ and g; prove that ¢g subtends a right angle at each of 
the foci. 


25. Any tangent to the ellipse «?/a'+7?/b5=1/(a+6) meets the 
ellipse «*/a?+y*/b2=1 in two points, the normals at which are 
equidistant from the centre. 


26. Find the condition that ¢x+my=n may be a normal to the 
ellipse xv?/a?+7?/b?=1. ; 
27. If from any point on an ellipse perpendiculars are drawn to the 


axes, show that the line joining the feet of these perpendiculars is 
always normal to a fixed concentric ellipse. 


_ 28. Show that, if the normal to an ellipse meets the minor axis 

in g and S is a focus, Sy=e. Pg. 

29. If PP bea diameter of the ellipse x?/a?+y2/b?=1, prove that the 

locus of the intersection of the normal at P with the ordinate at ’ is 
x2 by? 

a?" Qa? — 0?) 

30. P is the point on the ellipse x*/a?+7?/b2=1 whose coordinates 

are a2/Na+b, b?/Va+6; find (i) the length of the perpendicular CQ 


=1. 
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let fall from the centre C on the tangent at P, (ii) the length PQ, 
(iii) the equation of the normal at P, (iv) the coordinates of the point 
where the normal meets the curve again. 


31. If SY, S’Y’ are the perpendiculars from the foci of an ellipse 
on the tangent at P, and if the normal at P meets the major axis 
in G, prove that 

1 1 4 
SY?’ Sy? PG 


is constant. 


32. If the chords joining the pairs of points a, B and y, 8 respectively 
meet the major axis in two points equidistant from the centre, prove that 


5 


ta @ tan Bt; 7 tan ee 
oye 5 se ans it 


33. Find the equation of the ellipse, whose semi-axes are a, b, 
referred to A’A and the tangent at A’ as axes of # and y. By 
considering the limiting form of the equation as e tends towards 1, 
while S’, A’ remain fixed, show that the parabola is a limiting form 
of the ellipse. 


34. If 6, ¢ are the eccentric angles of the extremities of a chord 
through the focus, prove that 
A—¢d O+h 
2 


cos 


=€.co0s——— 
2 


35. PSQ, PS’R are two focal chords of an ellipse and the eccentric 


angles of the points Y and # are ¢, and ¢,. Show that tan a : tan fs 
is a constant ratio for all positions of P. 

36. If PQ, PL are focal chords of an ellipse and 2a, 28, 2y are the 

eccentric angles of 2, Q, &, prove that 
tan’a tan B tan y=1. 

37. If P, Q are the points 6, ¢ on the ellipse «?/a?+y*/b?=1 such 
that SP, S’@ are parallel and in the same direction, prove (1) that 
e=sin $(¢— )/sin (f+), (2) that P@ touches the ellipse 

v/at+y7/b =1/a?, 
and (3) that the tangents at P, Q intersect on the auxiliary circle. 

38. P, P’ are corresponding points on the ellipse z*/a?+y?/?=1 
and its auxiliary circle. If CP’ meets the normal at P in Q, find the 
equation of the locus of q. 


136. Conjugate Diameters. Consider a diameter Q’CQ of 
the auxiliary circle. It bisects all chords of the circle 
perpendicular to it, and these form a system of parallel 
chords of the circle. Now turn the circle, and the system 
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of parallel chords along with it, about AA’ till the circle 
projects into the ellipse; the system of chords of the 
circle will project into a corresponding system of parallel 
chords of the ellipse, and the tangents at Q) and Q, which 
are parallel to the chords of the circle, will project into 


Fic. 117. 


the tangents at P and P’ on the ellipse, which will be 
parallel to the chords of the ellipse. Since the middle 
points of the chords of the circle he on the straight line 
Q’CQ, the middle points of the chords of the ellipse will 
lie on the straight line P’CP. Hence we have (Fig. 117) 


THEOREM 3. 


The locus of the middle points of a system of parallel 
chords of an ellipse is a diameter of the ellipse, and the 
tangents to the ellipse at the ends of the diameter are 
parallel to the chords bisected by the diameter. 

Again, suppose Q’CQ and R’CR in Fig. 118 to be two 
perpendicular diameters of the auxiliary circle. Each of 
these bisects chords parallel to the other; therefore they 
project into diameters P’CP and D’CD of the ellipse, each 
of which bisects chords of the ellipse parallel to the other. 
Such diameters are called conjugate diameters, and we have 
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THEOREM 4. 


If chords of an ellipse parallel to a diameter D'CD 
are bisected by the diameter P’CP, then chords parallel 
to the diameter P’CP are bisected by the diameter D'CD. 

If the angle ACQ=8, then the angle ACR=6+7/2 and 
the angle ACR’=6—7/2; therefore if P is the point 8, 
D will be the point 9+7/2 and D’ the point @—7/2. We 


now prove 
THEOREM 5. 
If CP and CD are conjugate semi-diameters, 
CP? + CD? = CA?+ CB?. 


Fia. 118. 


P is the point (acos 6, bsin@) in Fig. 118 and D the 
point (—asin 6, bcos 0), because cos(O+7/2)= —sin 0 and 


 sin(@+7/2)=cos 0. Therefore 


OP? =a? cos’?6+b2sin2@, CD?=a? sin?6-+0? cos’6 
and CP?+CD?=a?(cos’0+sin?0) + b7(sin*6+ cos’6) = a? + 6°. 
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THEOREM 6. 

If CP, CD are conjugate semi-diameters and p 1s the | 
perpendicular from the centre C on the tangent at P, then 

p.CD=ab. 

Since CD =./(a? sin?@ +2? cos?6), this theorem is proved in 
§ 135, Ex. 3. 

The tangents at the ends of a pair of conjugate diameters, 
POP’ and DCD’, form a parallelogram (Fig. 117), called 
the conjugate parallelogram; Theorem 6 shows that the 
area of this parallelogram is constant, and equal to 4ab. 


THEOREM 7. 
If CP, CD are conjugate semi-diameters, then 
CP=SP..SP. 
Let P be the point 6; then, § 128, 
SP=a-—e(a of P)=a—eacos#, SP=a+eacos 0, 
so that SP .S’P =a? — ea? cos’@ = a? — (a? — b) cos”6, 
and therefore SP.S’P=a?sin?9+ 6? cos?@ = CD. 


THEOREM 8. 


If the semi-diameter CP of an ellipse bisect the chord 
QY at V, then the tangents at Q and Q meet at a point T 
on CUP produced, such that 


OV.0T=CF* 

Suppose the figure (Fig. 119) projected from the corre- 
sponding figure for a circle, and use small letters to denote 
corresponding points on the circle. Then qq’ is perpen- 
dicular to Cp, and the tangents at q and q’ meet on Cp 
produced at ¢, so that 

Cv. Ct=O0¢2= Op? or Cu: Cp=Op : Ct. 

But the ratios Cu: Cp and Cp: Ct are not altered by 
projection, since C, v, p, t lie on the same straight line ; 
therefore (Fig. 119) 


CV:CP=CP:CT or CV.CT=CP2. 
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THEOREM 9, 


If P’CP, D'CD are two conjugate diameters of an ellipse 
and V the middle point of any chord QQ’ parallel to 


pu, then V@:P'V.VP=CD*: CP». 


Fia.. 119. 


Projecting from the corresponding figure for a circle and 
using the same notation as in Theorem 8, we have (Fig. 119), 
since d’Cd and q/vq are perpendicular to p’Cp, 

ug? : Cd? =p'v. up: Cp’, 
because vq? =p'v.vp and Cd?=Cp?. But the ratios vq: Cd, 
pv:Cp and vp:Cp are not altered by projection, because 
vg and Cd are on parallel lines and p’, v, C,p are on the 
same straight line; therefore (Fig. 119) 


VOR CIP al V av FeCr 


or WP VV PH CD: CP. 
Since P’'V. VP=CP?—CV*, we may put the result in 
the form Ov Ve 
ie OS ae 


and, taking P’OP, D’CD as oblique ames, CVvsm, VO=y, 
CP =a’, CD=0’, we get the equation 


ie 2 

are c pall a Jas ile il (1) 

which is the equation of the ellipse referred to two conjugate 
Z 


G,A.G, 
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diameters as axes. It is easy to show, by Theorem 8, that 
the equation of the tangent at the point (7,, y,) is 


“r+ r= 1. Ree, 8: (2) 


The 


Gradients of Conjugate Diameters. If m, m’ are the 
gradients of the conjugate diameters P’CP, D’CD of the 
ellipse x?/a?+ y?/b? = 1, then 


mn = — Ger tterteeeteeeeees (3) 


If P is the point 6, then D is the point 6+7/2; the 
coordinates of P are acos@, bsin@, and those of D are 
—asin 0, bcos @. Hence 

_ bsin@ ; b cos 0 b? 


/ 
= nh =, en, = — 
a cos 0 —asin@ a 


Ex. 1. If the tangent at P on an ellipse meets the directrix in Z, 
prove that the angle PSZ is a right angle. 
Let the tangent at P(acos 6, bsin 0) be 


x ieee ree j . 
= 08 O+7 sin B= 1. eeiientvessticece mere me (i) 


The abscissa of Z is CX or a/e; therefore, putting a/e for x in (1), 
we find for vy, the ordinate of Z, the value 
(e—cos 0)b 
esin@ ~ 
Hence the gradient of SZ is 


(e008 0)b  (1— eta b(e— cos 6) 
esin@ *  e 3 a(1—e*)sin@ 


But the gradient of SP is ey and therefore the product of 
the gradients of SZ and SP is —1, since 6?=a?(1—e®). 


See also § 137, Theorem 2. 


Ex. 2._ The perpendicular from 5, the focus of an ellipse, to a chord 
of the ellipse, meets the directrix ZY where the diameter bisecting 
the chord meets it. 

Let the diameter meet the parallel focal chord QQ’ in V, the curve 
in P and the directrix in 7. Then, by Ex. 1 and Th. 9, 7'S is the 
perpendicular to QQ’, and therefore to the given chord, This proves 
the proposition. 
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Ex. 3. To construct a pair of conjugate diameters of a given ellipse 
which shall contain a given angle a, and to find when the angle is a 
minimum, 


Using the notation of Example 2, we see that angle O7'S is ies a), 


hence 7’ is found by describing on CS a segment of a circle containing 


an angle Boe . CT is one of the diameters, the other is the 


perpendicular from C to 7S. 

There are two positions of 7’; when they coincide the angle a is a 
minimum and the conjugate diameters are equal. It may be verified 
that then tan 4a=,/(1 —e?). ; 


EXERCISES XLII. 


1. Find the gradient of the diameter conjugate to y=w. 

2. A diameter of the ellipse #?/25+7?/9=1 is parallel to the line 
2e+7y—5=0; find the equation of the conjugate diameter. 

3. Find the equation of the line joining the centre of the ellipse 
5x? +3y?=15 to the middle point of the chord whose equation is 

a+y=1. 

4, Establish the identity 

(SP—CA)?+(CA — SD)? =CS?, 
following the usual notation. 

5. If the diameter through a point P on an ellipse bisects the 
chord which is normal at Q, prove that the diameter through ¥ bisects 
the chord which is normal at P. 

6. PQ is a chord of an ellipse normal at P, CZ the perpendicular 


from the centre C on the tangent at P, and CD the semi-diameter 
conjugate to CP... Prove that PQ: 2CD=CA .CB: CD? + PZ? 

7. If CP, CQ bisect chords parallel to the bisectors of the angies 
between the z- and y-axes, prove that the product of the gradients of 
CP and CQ is — b4/a*. 

8. Prove that the axes form the only pair of conjugate diameters 
at right angles to each other. 

9. If P?’, a diameter of an ellipse, subtend a right angle at the 
point # on the ellipse, prove that the axes are parallel to KP, KP”. 

10. Prove that the diameters of the ellipse 7?/a?+y?/b?=1, whose 
gradients are b/a, — b/a, are equi-conjugate diameters. 


11. Ifa diameter of an ellipse subtends a right angle at the ends of 
its conjugate, show that the length of the diameter is determined, and 
find the coordinates of its ends referred to the principal diameters 


AS axes. 
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12, Show how to construct a pair of conjugate diameters when the 
angle between them is given, and prove that when the angle between 
a pair of conjugate diameters is a minimum, the inclination of one of 
them to the major axis is tan~',/(1—e*). 

13. If CP, CD are conjugate semi-diameters and the tangents at 
P-and PD meet in 7, find the locus of the middle point of PD, and also 
the locus of 7. 

14, An ellipse passes through the six points (2, 3), (3, 2), (8, 1), 
(1, 3), (1, 2), (2,1); prove that its canonical equation is €*+3n?-—2=0. 
Find the coordinates of the centre and the equations of the diameters 
which bisect chords parallel to the v- and y-axes. 

15. If the normal at P meet the major and minor axes at G, g, 
prove that with the usual notation 

(OeNGs Ch = PG bo bC2 ra Ce 
(2) Se: CD=CS’: CB. 

16. Find the equation of the chord of the ellipse «?/a?+y?/b?=1, 

whose middle point is (7,, 7). 


17. Find the coordinates of the middle point of the chord of the 
ellipse x?/a?+7?/b?=1, whose equation is y=mx+e. 

18. A tangent to the ellipse «?/a*+y7?/b?=1, whose centre is C, 
meets the director circle #?+y?=a?+0? in @ and ’; prove that CQ 
and CQ’ are conjugate diameters of the ellipse. ’ 

19. The locus of the centres of all ellipses which touch two given 
straight lines at given points is a straight line. 

20. The normal at / to an ellipse meets the line joining the centre 
to the corresponding point on the auxiliary circle in @; prove that 
PQ= ED. 

21. The perpendicular through S to CP meets the directrix where 
the conjugate diameter of CP meets it. 


22. Prove that one pair of conjugate diameters of an ellipse is 
harmonically conjugate with respect to the axes, and that these 
diameters are equal as well as conjugate. 


CH. XX. § 137] 


CHAPTER XX. 


GEOMETRICAL DISCUSSION OF SECANTS, TANGENTS 
AND NORMALS OF A CONIC. | 


137. The General Conic. Some properties of the conic are 
most simply found by geometry, especially those relating 
to foci, tangents and normals. The following account of 
them will serve to make the student better acquainted 
with the curves, before proceeding to examine their pro- 
perties further by analysis. 


Fie. 120. 


THEOREM 1. 


If a secant PQ of a conic, whose focus is S, meet the 
directrix ZX in Z’, then ZS bisects the angle PSQ exter- 


nally or vaternally. 
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Proof. Let PM, QN (Figs. 120, 121) be perpendiculars 
to the directrix ZX; join SP, SQ, SZ’, and produce QS, if 
necessary, to R. 

Then 2PM tee ee 

ZQ QN ¢.QN SQ’ 
therefore Z’ cuts the base PQ of triangle PSQ externally 
(Fig. 121) or internally (Fig. 120) in the same ratio as the 


Fie. 121. 


sides SP, SQ, so that Z’S bisects the angle PSQ externally 
or internally. 


THEOREM 2. 


If the tangent at P on a conic, whose focus is S, meet 
the directria ZX in Z, PZ subtends a right angle at the 
focus SN. 


Proof. Let the secant PQ in Fig. 121 eut the curve - 
again in Q and the directrix in Z’, and let the line PZ’ 
turn about P till Q coincides with P; at this moment 
PZ’ takes the position of PZ, the tangent at P. When 
Q@ is all but at P, RSP is all but two right angles, so 
that Z’SP, being half of RSP, is all but one right angle. 
Therefore the angle ZSP is exactly one right angle. 
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EXERCISES XLIII. 


1, Show how to draw the tangent at P on a conic whose focus 
and directrix are given. 

2. If PSQ is a focal chord of a conic, the tangents at P, Q meet on 
the directrix. 


_ 3. Show how to draw tangents to a conic from a point on the 
directrix. 


4, The focal chord PSQ of a conic meets the directrix in R ; prove 
— PQ is divided internally and externally in the same ratio at S 
and &. 


5. If SZ is the semi-latus rectum, prove that 
2 1 1 
SL” SP* SQ’ 
where ?, Y are the extremities of any focal chord. 

6. PSQ, P’SQ’ are two focal chords of a conic. Prove that the 
other four lines joining P, Q, P’, Y meet in pairs in two points on the 
directrix which subtend a right angle at the focus. 

7. PQ is a fixed focal chord of a conic and RF is a variable point on 


the conic. RP and 2 meet the directrix in U and V; show that 
USV is a right angle and that XU. XV= XS”. 


8. PQ is a double ordinate of a conic, and the line joining P to_X, 
the foot of the directrix, cuts the curve in P’. Show that P’@ passes 
through the focus. 


9. PSQ, a focal chord of a conic, meets the directrix in A ; prove 
that (PQSL) is a harmonic range. 
10. A focal chord PSQ of a conic meets the directrix in A; prove 
that —— spt 50 where SP, SQ, SK are steps on the P@-line. 
11. The segments of any focal chord of a conic subtend equal 
angles at the foot of the directrix. 


12. PSQ, a focal chord of a conic, meets the directrix in A, the 
tangent at P meets the directrix in Z and the perpendicular through 
-@ to PQ meets the tangent at P in 7'; prove that Z(PQSA) is a 
harmonic pencil and that the directrix bisects Q7. 


13. The latus rectum cuts the tangents at the extremities of any 
focal chord in H and H’; prove that SH=SH". 


14. If the projections of A, any point on a tangent to a conic, on 
the directrix and the focal radius of the point of contact be Zand U 
respectively, prove that SU=e. AJ. (Adams’s Property.) 
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15. Use Adams’s Property to construct the tangents to a conic 
from an external point, and to show that the tangents subtend equal 
angles at the focus. 


16. The tangent at Z, the extremity of the latus rectum of a conic, 
meets the ordinate VP of a point ? in Y; prove that VQ@=SP. 


17. Given the focus of a conic, a tangent and its point of contact, 
and another point on the curve, show how to construct the vertex 
and the directrix. 


18. The tangent at P to a conic meets the directrix in Zand the 
axis through S in 7’; prove that SM touches the circle SZ7. 


19. If Y is the foot of the perpendicular from S to the tangent 
at P, prove that SY: YX=SP: PM, where / is the projection of P 
on the directrix. - 


138. Notation and Definitions. The following notation 
will be used unless the contrary is expressly stated. 

S, S’ are the foci of a conic, ZX and ZX’ the correspond- 
ing directrices; X and X’ are the feet of these directrices ; 
A and A’ are the corresponding vertices. L, L’ are the 
extremities of the latus rectum. 

: oe circle on AA’ as diameter is called the auxiliary 
circle. 

C is the centre of the conic; CN and VP are the abscissa 
and ordinate of a point P on the curve, PM the perpen- 
dicular from P on the directrix ZX. 

Y, Y’ are the feet of the perpendiculars from S, 8’ on the 
tangent at P. 

The normal at P is the perpendicular at P to the 
tangent at P. 

The tangent and normal at P meet the transverse axis 
of the conic in 7 and @ respectively; NZ is called the 
subtangent and NG the subnormal at the point P. 


139. The Parabola. 


THEOREM 3. 


If the tangent and normal at P on a parabola be 
drawn, then 


(1) .SPT=.MPT, (2) SP=ST, (3) SP=SG, 
(4) TA=AN, (5) N@=2AS8. 
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Proof. Let the tangent at P meet the directrix in Z 
(Fig. 122). 


(1) Angle ZSP is a right angle, by Theorem 2, so that 
triangles ZSP, ZMP are congruent, and .SP’=~2MPT. 


(2) By (1), tart = MET. 
But Cu EP, 


therefore tSPT=zSTP and SP=ST. 


Fie. 122. 


(3) By (2), S is the centre of the semi-circle which 
contains the right angle 7PG; therefore SP =SG. 


(4) TA=ST—SA=SP—SA=PM-—SA. 
But PM=NX, SA=AX, so that TA=AN. 
(5) NG=SG-SN=SP-SN=XN-SN=24S. 


THEOREM 4. 


The locus of Y, the foot of the perpendicular from 
the focus on the tangent at P, vs the tangent at the vertem. 


Proof. Join SM (Fig. 123); then SPM is an isosceles 
triangle and PY’ bisects the vertical angle, by Theorem 3, 
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Therefore PT’ cuts SM at right angles, so that the 
intersection of SM and PT is Y, the foot of the perpen- 
dicular from S to PT. ; 

Now Y,A bisect SM, SX ; therefore AY, being perpen- 
dicular to AS, is the tangent at the vertex, and the locus 
of Y. 


Fie. 123. 


Cor. 1. SY bisects the angle 7'SP. 

Cor.2. y=m«+a/m is the tangent of gradient m to the 
parabola y? = 4aw. 

THEOREM. 5. 
Dae a es 
Proof. In triangles ASY, YSP (Fig. 123), 
tSAY=2.SYP ~and 2ASV =e SPe> 

therefore the triangles are similar, and 


AS:SY=SY:SP or SY2=AS.SP. 
THEOREM 6. 


If tangents at P and P’ meet in O, OP and OP’ subtend 


equal angles at the focus, the triangles OSP and OSP’ are 
semilar, and SO?=SP.SP’. 
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Proof. Let OP, OP’ (Fig. 124) meet the tangent at the 
vertex in Y, Y’; join SY, SY’, SO. 

Then, by Theorem 4, angles SYO, SY’O are right angles, 
so that the four points O, Y, 8S, Y’ lie on a circle. ......... (1) 

Also, as in Theorem 5, 


LEPY—#£5VYA=rSOY, by (1), 
and Pelee eV A= SOY scby-1); 


Fic. 124. 


Therefore the angles SPO, SOP of triangle OSP are 
equal to the angles SOP’, SP’O of triangle OSP’. 

Hence .OSP=zOSP’, that is, OP and OF’ subtend 
equal angles at the focus. 

Also, the triangles OSP, OSP’ are similar, 


and SO?=SP.SP’. 


EXERCISES XLIV. 


1. Prove that SPYT is a rhombus. 
2. Prove that every point on P7 is equidistant from S and M. 


3. Given the focus and directrix and a point 0 on P7, show how 
to find P; and then give a construction for drawing the tangents 
from a given point O to a parabola whose focus and directrix are 


given. 


364 ANALYTICAL GEOMETRY. (CH. 


4, Given the tangent P7 and P its point of contact, given also 
the focus, draw the directrix. 

5. Given the tangent PZ’ but not P the point of contact, given 
also some point @ on the curve, and the focus, show how to find the 
directrix and the point P. 

6. Given the tangent PZ7~but not P the point of contact, given 
also the axis and the focus, show how to find the directrix and the 
point P. 

7, Tangents at the extremities of a focal chord of a parabola 
intersect at right angles on the directrix. 

8. The circle on a focal chord of a parabola as diameter touches 
the directrix. 

9. Tangents at the extremities Q, Q’ of a focal chord of a parabola 
meet at Z, and the parallel through Z to the axis meets the curve at 
P; prove that GW’ =4SP. 

10. The locus of the middle points of focal chords of a parabola is a 
parabola. : 

11. If 7=SZ, the semi-latus rectum, and SP=7, prove that PG? is 
equal to 2dr. 


12. If P7, PG and P’7", P’G’ be the tangents and normals at P, P’, 
two points on a parabola, and if the difference of the squares on 
PG and P’G" is constant, prove that 7'7” is constant. 

13, lf 7= SZ, the semi-latus rectum, and SP=7, prove that 

SZ=rl/Ji(2r — 1). 

14, Prove that the length of the perpendicular from the foeus on 
to the tangent at the end of the latus rectum is AS.,/2. 

15. Prove that \Z is the tangent at Z, the end of the latus-rectum. 


16. Given the focus and directrix of a parabola, draw the tangent 
parallel to a given line. 


17. If P is the point (9, 6) on the parabola y2=42, calculate P7’ 
and 7'N, 


18. If m is the gradient of P7 referred to AS and AY as axes of « 
and y, prove that A Y=a/m and A7'=a/m?. 


19. Prove that y=a/t+at is the tangent to the parabola #=ad?, 
y=2at at the point ¢. 

What is the geometrical significance of the quantity ¢? 

20. If Y is a variable point on the line 4¢—3y+1=0 and 8 is the 


fixed point (1, —1), and if YP is drawn perpendicular to SY, prove 
that YP envelops (that is, is a variable tangent to) the curve 


9x? + 24ry + 16y? — 1224+ 104y=31. 
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21. V is the middle point of QQ’, a focal chord of a parabola ; and 
the tangents at Y and @ meet in O. If the tangent parallel to QQ’ 
meet the curve in Pand O@, O@' in R, KR’, prove that. the five points 
O, R, R’, 8, V lie on a circle, centre P. 

22. The external angle between the tangents OP, OP’ is half the 
angle between SP and SP’. 

: SP 
23. The tangents at P and P’ meet in 0; prove that or a, 
3 4 OP?~ SP’ 

24. 7'P, TQ are tangents from a point 7 to a parabola, and ZS is 
produced to 7” so that 7S=S87"; prove that the triangles 7” SP, 

17’ SQ are similar. 

25. If 7Q, TY’ be tangents from 7 to a parabola, the bisector of 
the angle YT’ is equally inclined to S7' and the axis. 

26. The tangents to a parabola at P and Q intersect in 7’; the 
circles circumscribing the triangles SP7, SQ7 meet the axis again 
in Hand K. Prove that PH and 7K are parallel. 

27. Tf 7P, 7P ave tangents to a parabola whose focus is 8, show 
that the tangents at the points where S7' cuts the parabola are 
parallel to the bisectors of the angle P7'P’. 

28. Two parabolas whose foci are S and S’ have a common directrix ; 
prove that the bisectors of the angles formed by SS’ and the directrix 
are common tangents to the parabolas. 

29. The tangents at the extremities of a focal chord of a parabola 
meet in 7’ and the normals in /’; prove that 7'/’ is parallel to. the 
“axis, 

30. The locus of intersection of the normals at the extremities of a 
focal chord of a parabola is a parabola. 

31. Show that the angle between any two tangents is cos!(r,/r,), 
where 7,, 7, are the respective distances of their point of intersection 
from the directrix and focus. 

32. The circle passing through the points of intersection of three 
tangents to a parabola also passes through the focus. 

33. If 7’ is a point on the latus rectum of a parabola, the tangents 
from 7’ to the parabola are two of the bisectors of the angles between 
the latus rectum and the tangents drawn from 7’ to the circle 
described on the latus rectum as diameter. 

34, Given two tangents to a parabola and the focus, determine the 
vertex and the directrix. 

35. The tangents OP, OP’ are eut by a third tangent in Q, Q 
respectively ; prove that 0Q/QP=P'@//Q0. 

36. If the normal P@ be produced to meet the curve again in Q, 
and PQ subtend a right angle at the focus, prove that the ordinate 
of P is equal to the latus rectum. 
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37, If a parabola touches three sides of a triangle, its directrix 
passes through the orthocentre. 


38. Prove the following construction for finding on a parabola a 
point P such that the portion of the tangent at P intercepted between 
the directrix and the tangent at the vertex is of given length L. 
With centre S and radius Z describe a circle cutting the tangent at 
the vertex in B. With centre § and radius AB describe a circle 
cutting the tangent at the vertex in C. Draw CQ perpendicular to 
SC, and let it touch the parabola at Q. Find a third proportional, 
F, to SQ and AS. Then /’is the abscissa of the required point P. 

39. A circle whose centre is on the axis of a parabola touches the 
parabola ; prove that the tangent to the circle from any point on the 
parabola is equal to the perpendicular let fall from the point to 
the chord of contact. 


40. Given three tangents to a parabola, and the point of contact of 
one of them ; determine the focus and directrix. 


41. P is a variable point on a fixed line and A is a fixed point ; 
prove that the perpendicular through, P to PA envelops a fixed 
parabola. 


42. Prove that the line joining the projections of a point on a 
parabola on the axis and tangent at the vertex envelops a fixed 
parabola. 


43. Prove that the parallel through G, the foot of the normal at a 
point P on a parabola, vertex A, to AP touches the fixed parabola 
whose focus is the point (—2a, 0) and whose tangent at the vertex is 
a=2a, where the axes of w and vy are the axis and the tangent at the 
vertex of the given parabola. 


44. The point P is the foot of the perpendicular from the vertex on 
a variable tangent, gradient m, of the parabola y?=4a« ; show that 
r= —all+m*), y=a/m(1+m?) 
are freedom-equations of the locus of P. Find the constraint-equation, 


and trace the locus from either of these equations. The locus is the 
pedal of the parabola with respect to its vertex. 


140. Central Conics. The following are the important 
properties of the tangent and normal to a central conic, 
ellipse or hyperbola. The proofs refer to the ellipse, but 
they apply with certain obvious changes to the hyperbola. 


THEOREM 7. 


The focal distances SP, S’P are equally inclined to the 
tangent and normal at P, and 


(1) SG@=e.SP, (2) SG=e.8'P, (3) 0@=e. CN. 
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Proof. Let the tangent at P (Fig. 125) meet the 
directrix in Z; join SZ, SM. 

From Theorem 2, § 137, it follows that S, P, M, Z lie 
on a circle whose diameter is PZ; PG is the tangent at 
P to this circle. 


Hence in triangles SPG, SPM, 
LSPG=czSMP and cGSP=-SPM. 


ive 


Fia. 125. 


Therefore the triangles SPG, SPM are similar, and 
SGP =SPrr Ue: 
so that SG=e.SP; and similarly S’G=e.8’P. 
Also, by (1) and (2), SG:S'G=SP:S’P, 
so that the normal PG is equally inclined to SP, S’P. 


Since the tangent is perpendicular to the normal, it 
also is equally inclined to SP, S’P. 


Again, CG=O0S—GS=e.CA—e.SP 
=e?(COX —PM)=e?. CN. 


THEOREM 8. 
The locus of the feet of the perpendiculars from the foci 


on a variable tangent is the auxiliary curcle. 
Proof. Let S’P (Fig. 116) meet SY in H. Then, since 
PY bisects the angle SPH, by Theorem 7, 


SP=PH. and SY=YVH. 
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Therefore SN H=S'P+PH=S'P+SP=Ad’, 
so that CY =4 8 F=G4. 


Hence the locus of Y is the circle, centre C, radius CA, 
that is, the auxiliary circle. 


Note. CY is parallel to~S’P and CY’ is parallel to SP. 


THEOREM 9. 
hs A a Sl Gd OF 25 
Proof. Let Y’S’ meet the auxiliary circle again in Z 
(Fig. 116), Since YY’Z is a right angle, YZ is a diameter, 
and therefore passes through C. 
Triangles CSY and CS’Z are congruent, so that SY=S’Z. 
Therefore SY.S’ Y’=ZS’.S’Y’=AS’. 8’A’ 
=(CA+CS)(CA —CS)= CB. 


THEOREM 10. 


(1) If tangents at the points P and P’ on an ellipse 
meet in O, OP and OP’ subtend equal angles at either 
focus, and wre equally inclined to OS and OS’, each to each. 


(2) If tangents at the points P and P’ on a hyperbola 
meet in O, OP and OP’ subtend equal or swpplementary 
angles at either focus, according as P and P’ are on the 
sume branch or on opposite branches of the hyperbola ; 
also OP and OP’ are inclined at equal or supplementary 
angles to OS and OS’, each to each, according as P and 


P’ are on opposite branches or on the same branch of the 
hyperbola. 


Proof. Produce SY, 8’Y’ in Fig. 126 to meet S’P, SP’ 
in i, HW } join, OH, OH 


Then, as in Theorem 8, 
SP=HP and SH=A4A’. 
Hence, in triangles SPO and H. PO, 
SP=HP, OP=O0P, cSPO=cHPO, 
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because PO, the tangent at P, is equally inclined to PS 
and PS’; therefore 


LOSP=LOHP, 2zPOS=z POH, 


and OS=O8. 
Similarly, OS’P’=20OH'P’, .P’OS'=-P’OH’, 
and OS’=077'. 


Now, in triangles OS’H and OH’S, 
OH=O08, OS’=0H’, S’'H=AA’=H'S; 
therefore .S’OH = 2 H’OS, so that .SOH=zS’OH’. 


Fig. 126, 


But it was shown that 2 POS=2zPOH 
and 2P OS Se P 0H’: 
therefore LPOS=zP’O8’, 


or OP, OP’ are equally inclined to OS, OS’. 
Also, from the congruency of triangles OS’H, OH’S, 


LOHS’=20OSH’, 
and it was proved that 
EOUSL=LOHP: 
therefore LOSE = LOST ; 
that is, OP and OP’ subtend equal angles at the focus. 
2A 


G.A.G, 
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The Asymptotes as Tangents. Since the asymptotes are 
tangents, Theorems 8 and 9 show that the feet of the 
perpendiculars from the foci on the asymptotes lie on the 
auxiliary circle, and that the length of each perpendicular 
is the semi-conjugate axis OB. 

If the tangent at P ona hyperbola meet the asymptotes 
in J’ and 7”, as in Fig. 127, and SK, Sk’ are parallel to the 
asymptotes C7’, C7”, then ST bisects the angle PSK, so that 


Fic. 127. 


T is equidistant from SP and SK. But the perpendicular 
from 7’ to SK is equal to the perpendicular from S to OZ, 
which, as remarked above, is equal to CB. Hence the 
perpendicular from 7 to SP is equal to CB. Similarly, 
the perpendicular from 7” to SP, being equal to the perpen- 
dicular from 7” to SK’, is equal to CB. Hence 7 and 7” are 
hoe from SP, so that P bisects 77” (see Th. 6, 
p. 336). , 

Further, CP bisects chords parallel to 77” (§ 132), so that 
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if CD is conjugate in direction to CP, CD is parallel to TT”. 
Hence (§ 45) C(PDTT’) is a harmonic pencil, or the asymp- 
totes are harmonically conjugate with respect to CP, CD. 

If the hyperbola is rectangular, 7POC is an isosceles 
triangle, so that the conjugate directions CP, CD are equally 
inclined to each of the asymptotes. 


141. Worked Examples. We shall now work some ex- 
amples of the application of the above Theorems. 
Ex. 1. SP, S’Q are focal radii of a conic which are parallel and in 


the same direction ; prove that the tangents at P and Q meet on the 
auxiliary circle. 


Draw OT (Fig. 128) parallel to SP or S’@ and in the same direction 
to meet the auxiliary circle in 7. Then the tangents at P and @ pass 
through 7, according to Theorem 8, Cor. 


Ex. 2. If the normal at P on a rectangular hyperbola meet the 
transverse axis in G', then CP= PG. : 

Draw the tangent at P as in Fig. 127 to meet the asymptotes in 
T and 7"; draw CD parallel to PT. f 

P is the middle point of the hypotenuse of triangle 7C7”; therefore 
£POT=LPTC=z TCD. 

Hence (7' bisects both 2 POD and 2 GCB, so that 2 PCG=z BCD. 

Now PG, GC are perpendicular to CD, CB ; therefore 2 PGC=Z BCD, 


Hence LPCG=24 PGC and CP=PG, 
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Ex. 3. PSQ is a focal chord of a conic; the normals at P, @ 
intersect in Oand the tangents in Z; prove that OZ passes through se 

The four points Z, P,-0, @ in Fig. 129 lie on a circle, Z lies on the 
directrix and ZS is perpendicular to PQ. 


r itepste pret 
(AS 


Hence LQZS=complement of 2 ZQS=2 0O@P=Zz OZP. 


Therefore ZO and ZS make equal angles with the tangents ZP and 
Z, so that ZO passes through S’, by ‘Theorem 10. 


EXERCISES XLV. 


1. If the parallel through C to the tangent at P meet SP, S’P at 
E, E’, prove that PH=PE'=CA. 


2. Given the focus, directrix and a tangent of a conic, show how 
to determine its centre. 


3. If P is a point on an ellipse, whose foci are S and 5’, prove 
that the in-centre of the triangle SPS’ divides the normal PG' in the 
ratio 1: e, where e is the eccentricity. 


4. If 7Q and TQ are tangents to a conic, the bisectors of angle 
QTY and STS’ coincide. 

5, Hand Fare points on a tangent to a conic, whose focus is 5, 
such that ASF is a right angle. The other tangents from # and F 
to the conic meet it at Pand Q; prove that P@ is a focal chord. 


6. Prove that the external angle between two tangents to an 


ellipse is half the sum of the angles subtended at the foci by the chord 
of contact. 


7. From a movable point Z on the directrix of a conic, a tangent 
is drawn which meets the major axis in 7. Show that the locus of 
the intersection of the other tangents from Z and 7 to the conic is a 
straight line perpendicular to the major axis. 
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8. Perpendiculars SY, SZ are drawn. from the foeus S of an 
ellipse to two tangents 7’P, TQ meeting them in Y and Z. Prove 
that VZ is at right angles to S’7. 

9. If ¥Y is the foot of the perpendicular from S to the tangent 
at P, prove that SY: YX=SG: SP. 

10. If the tangent and normal at a point P on an ellipse meet the 
major axis at 7’ and G, prove that C@. CT=CS?. 

ll. A is a fixed point; P is a variable point on a fixed circle ; PQ 
is drawn perpendicular to 4P; prove that PQ envelops a conic which 
is a hyperbola or an ellipse, according as A lies outside or inside the 
circle. 

12. A variable circle is drawn through a fixed point so as to have 
the same radius as a fixed circle; prove that the common chord of 
the fixed and variable circles envelops a conic which is.a hyperbola 
or an ellipse, according as the fixed point lies outside or inside the 
fixed circle. 

13. If the tangent at P meet the directrix in 7, and /=SL, r=S/, 
e=eccentricity, prove that 

ST=lr//{(l-1—e.r)1+e.r—1)}. 

14. If 7=SLZ and SP=r, prove that 

PG?=22yr —(1 —e?)r?. 

15. If PSQ, PS’ are parallel focal chords of an ellipse, prove that 
the intersections of the tangents at P, P’, Y, Y lie on a directrix or on 
the auxiliary circle. 

16. P is any point on an ellipse, PSQ is a focal chord and PCP’ is 
a diameter ; prove that the tangents to the ellipse at Y and P’ meet 
on the auxiliary circle. 

17. 7 is a point on the auxiliary circle of an ellipse, 7’? and 7'Q 
are the tangents from 7’ to the ellipse ; prove that the focal distances 
of 7’ are at right angles to 7'’P and TQ. 


18. The line through 0, the intersection of the normals at. the 
extremities of a focal chord PP’, parallel to SS’, bisects PP’. 


19. If O is the intersection of the normals. PG, P’G’ at the 
extremities of a focal chord PP’ and O# parallel to PP’ meets the 
axis in H, then H is the middle point of GG’. ; 


20. If 0, Z are the intersections of the normals and tangents at the 
extremities of a focal chord PSP’, and if D, # are the projections of 
0, Zon PP’ respectively, prove that PD=P'E. 


21. If 0, Z are the intersections of the normals and tangents at 
the extremities of a focal chord PSP’, prove that the line joining O to 
the orthocentre of the triangle ZPP’ is parallel to AA’. : 
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22. If Mis the projection of P on the directrix of an ellipse, prove 
that the locus of the intersection of SM and PG is the line BB’. 


93. The normal at P to an ellipse meets the major axis in G and 
the minor axis in g; prove that PG/Pg is constant, and that Sg is a 
mean proportional between Pg and Gq. 


24. The circle through the foci and any point on ar ellipse passes 
through the intersections of the minor axis with the tangent and 
normal at the point. 


25. If the normal at P meet the minor axis in g, and » be the 
projection of P on the minor axis, prove that Cg/Cn=CS/SX. 


26. The tangent at P,a point on an ellipse, meets the minor axis 
in ¢, and the projection of P on the minor axis is »; prove that 
Cn. Ct = CB. 


27. The normal PG meets CF, the parallel to the tangent at P, in 
F; prove that PG. PF=CB*, If PG meets the minor axis in g, 
prove that Pg. PF=CA?. 


28. Prove that the projection of PG on SP or S’P is equal to 
the semi-latus rectum. 


29. Find an expression for the subnormal of a central conic in 
terms of the central abscissa, and deduce the corresponding theorem 
for the parabola. 

30. Express the subtangent of an ellipse in terms of the central 


abscissa ; and deduce that, for a parabola, the subtangent is twice the 
abscissa measured from the vertex. 


31. A circle has its centre on the major axis of an ellipse and 
touches the ellipse at @ and #&; show that, if P is a variable point on 
the ellipse, the length of the tangent from P to the circle bears a 
constant ratio to the perpendicular from P to YR. 


_ 32. Tangents are drawn to an ellipse from any point 7’ on the 
auxiliary circle. Show that the perpendicular drawn through one of 
the foci, S, to S7' is parallel to one of the tangents and meets the other 


on a fixed straight line which is at right angles to the axis and cuts it 
at K, where CK?-SK?=CA?2. 


33, PG is the normal to a conic at P, and LZ is the projection of @ 
on SP; the line GW is drawn parallel to S’P to meet the tangent 


at P in V,and LA and S’Z are drawn perpendicular to the tangent 
at P. Prove that PV/PR=S'P?/8'Z?. 


34, PG is the normal at a point P of an ellipse. If BOB’ is the 
minor axis and MQ the ordinate of a point Q, such that BM=CP, 
prove that AG, A’G are equal to the focal distances of Q. 


35. The four focal radii drawn to any two points of an ellipse have 
one common tangential circle whose centre is the intersection of the | 
tangents at the extremities of the radii. 
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36. An ellipse rolls on an equal ellipse. If extremities of the 
major axes are initially in contact, find the locus of either focus of 
the rolling ellipse. 


37. A variable ellipse touches a fixed ellipse and has a common 
focus with it ; find the locus of its other focus when its major axis is 
given. 


38. Given one asymptote of a rectangular hyperbola and two 
points on the curve, find the centre. 


39. Prove that the intersections of the directrices and the auxiliary 
circle of a hyperbola lie on one or other of the asymptotes. 


40. If the parallel to an asymptote of a hyperbola through the 
point P on the curve meet the directrices in M and M’, prove that 
PM and PM’ are equal to the focal distances of P. 
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CHAPTER XXI. 


ANALYTICAL DISCUSSION OF SECANTS, TANGENTS 
AND NORMALS TO CONICS. 


142. The Parabola. Let 


4p? = AO xaxtesep saat nee (1) 

and CSO, Y= DAE ies a pecostpeeaeeers (2) 
be the constraint- and freedom-equations of a parabola. 

Then CY — YY — Yo) HY AH crecrerscecereees (3) 


is the equation of the secant which cuts the curve at the 

points (@,, ¥,), (@, Yy). For (3) reduces to a linear equation 

in v, y and is satisfied by e=2,, y=y, and by r=a,, y=Yp. 
Put y,=y, and y,’?=4az, in (3); then, after reduction, 


YY = QOK DAM) 5, sands wan dass eoeaneee (4) 


this is the equation of the tangent at the point (x,, y,). 
If w,=at?, y,=2ut, then (4) becomes 


y=yt at, ee emcee een erereeeeseeeenens (5) 


which is the equation of the tangent at the point t. 
tay a 
If t=—, (5) becomes y SMBs errevererereeeeserseeees (6) 


which gives the equation of the tangent of gradient m. It 
follows that y=ma-+c is a tangent to (1) if e=a/m. 

We also see that t=cot 0, where @ is the angle between 
the axis and the tangent at the point ¢ so that the 
freedom-equations of a parabola may be written 


op Could. y= 2a cobG.A. 0. ees eee (7) 
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The normal at the point t is, from (5), 
(y —2at)+t(~—at?)=0 


or PF bps DAL ARI coon ci oo ons oa Sekare (8) 
If t= —m, (8) becomes 
Y = ME — ZUM — OMY, aeveveecccccccnccein (9) 


which is the equation of the normal whose gradient is m. 
Equation (5) may be written as a quadratic in ¢, thus: 


GE Ty Fathead Sek: (10) 


if w, y are regarded as known there are two values of ¢ to 

correspond; these values give the points of contact of 

tangents to the curve from the known point (a, ¥). 
Equation (8) may be written as a cubic in ¢, thus:. 


AF + E( 2a — ar) —Y =O, «20.0. vote nersiers (11) 


showing that three normals can be drawn to the curve 
from a knewn point (@, y); the feet of the normals are 
given by the roots of the cubic. One root of the cubic 
must be real, so that one real normal can be drawn from 
any point to the curve. If the three roots of the cubic 
(11) are real, then, by § 106, 

2a—ayP sa 


or QE OG? ZA BHP. wsrawisinias vitae vamintoorsi (12) 


When 27ay?=4(a@—2a)?, two of the normals are 
coincident. When the feet of two of the normals from a 
point CU coincide at P, CU is called the centre of curvature, 
the cirele, with centre C and radius CP, is called the circle 
- of curvature, and CP is called the radius of curvature at P. 
The locus of the centre of curvature is called the evolute 
of the original curve. The circle of curvature meets the 
curve at three coincident points, and therefore lies as close 
to the curve at the point as a circle can lie. The centre 
of curvature is often spoken of as the intersection of con- 


secutive normals. 
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EXERCISES XLVI. 


1. Prove that the equation of the chord of the parabola y’=4az, 

whose extremities are the points ¢, and ¢,, may be written as 
(4, +t))y — 24 =2at,ty. 
2. If the chord of the parabola v=at®, y=2at, whose extremities are 
the points ¢, and ¢g, is the normal at the point ¢,, prove that 
ty+t,=— : : 
1 
Hence show that the other extremity of the normal at the point ¢ 
is the point —¢—2/. 

3. Prove that the tangents at the points ¢,, ¢, intersect at the 

point whose coordinates are 
{atyt,, a(t, +t2)}, 
and the normals at the point 
fat? t+hyta+te +2), —atyty(ty+ty)}. 

4, If the feet of two of the three normals from a point O to the 
parabola y?=4ax coincide at the point ¢; prove that the coordinates of 
the point C are a(3#24+2), —2at®, 

Find the radius of curvature at the point ¢, and the equation of 
the evolute. 


5. If the normal at P(az?, 2at) to the parabola 7?=4ax meets the 
parabola again in Q, and A is the vertex, prove that the area of the 
triangle AQP is Qu2(1+0)(24+2)/t. 

6. If the normal y= — ta:+2at+aé to the parabola y?=4axr subtend 
a right angle at the vertex, determine the value of ¢. 


7. Find the values of m so that y=ma+a/m may be a tangent tc 
the two parabolas y*=4ae and y?=46(a+ce). 

8. Chords of the parabola _y?=4ax are drawn to touch the 
parabola 7?=4bz ; show that the locus of the intersection of tangents 
at their extremities is the parabola by?=4a22. 

9. If the straight line y=ma+c touches the parabola y?=4a(«+a), 
prove that c=a m+), 


10. Show that the tangents to the circle #2+y7?=a? at the points 


where the straight line #+/=0 cuts it are also tangents to the 
parabola y?=4h(w+h). 


11. Show that if the normal at P to a parabola meets the curve 


again at Q, and U is the middle point of PQ, the product of the 
ordinates of P and U is constant. 


12. If the normal at the point Pon a parabola cut the axis in G, 


the length of the chord drawn through @ parallel to the tangent at 
P is equal to 4,/2. SP. 
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13. Show that the tangent to the parabola y?=4axr at the point 
where the normal parallel to y+mx=0 meets the curve again is 

my (2+ m*) + mx + a(2+m?)?=0. 

14, From a fixed point P on the parabola y?=4az, chords PQ, PQ’ 
are drawn making equal angles ¢ with the tangent at P. Show that 
@@ will for all values of ¢ pass through the same point &. Prove 
further that if P moves along the parabola, the locus of 2 is 

(a+ 2a)7?+4a?=0. 

15. Write down the coordinates of any point upon the parabola 
vy’ +4k(y —#)=0 in terms of a single parameter. 

16. If the tangents at two points of a parabola meet at (x, y) and 
the normals at (£, »), then aj7+zy=0, where 4a is the latus rectum. 


17. Prove that the parabola y?=4ax may be defined as the locus of 
a point P such that OP? is proportional to PM. PN, where 0 is a fixed 
point on the parabola and Pi, PN are the perpendiculars from P on 
two fixed straight lines, one of which is the tangent to the parabola at 
O and the other a tangent to the parabola y?=4a(x-+ 4a). 


18. Find the equation of the normal to the parabola y?=4ax, which 
makes an angle 6 with the axis of z From any point in this normal 
two other normals are drawn to the curve. Prove that the straight 
line joining their feet is parallel to a fixed straight line. 


19. Find the equations of the two real common tangents to the 


curves 2 : 
pte and y*=2lx. 


20. Two normals to a parabola are at right angles and meet the 
axis in G and G’; show that the semi-latus rectum is a harmonic mean 
between the distances of G and G’ from the focus. 


21. P, Q, R, S are the vertices in order of a variable rectangle. 
P and & lie on the x-axis, Q on the y-axis, and P is fixed. Prove 
(1) that the locus of S is a parabola, (2) that YR touches a second 
parabola, (3) that 2S is normal to a third parabola. 


22. Prove that the locus of points at which a parabola subtends a 
given angle (7—«) is a hyperbola with the same focus and directrix 
and an eccentricity sec a. 

23. Show that the line y=mxr+m(e—2a)—am’* is a normal to the 
parabola y?=4a(x+c). Prove that, if a>b>0 and c>2(a—6), the 
_ two parabolas 7?=4a(a+c), y2=4bex have a pair of common normals 
inclined to the common axis, and that the distance d¢ between the 
curves measured along one of these common normals is given by 

d?=4(a—6)(ec—a+b). 

24. The area of the triangle formed by the three tangents drawn 
at the points (7, 1), (%2, Y2)y (#3, 3), on the parabola y?=4ax is 


(Y1- Y2(Y2- Y3XY3 - Y1)/ 16a. 
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25. Prove that perpendicular normal chords of a parabola divide 
one another in the ratio 3:1, 


26. From a point 7’ on the latus rectum of a parabola two tangents 
are drawn to the curve, and the corresponding normals intersect in G. 
Show that the middle point of 7'G@ lies on the axis of the parabola. 


27. Show that the locus ofthe intersection of the normals at the 
ends of a system of parallel chords of a parabola is a straight line 
which is a normal to the curve. 


28. Find the condition that the line Zv+-my+n=0 may touch the 
parabola of which the focus is at the origin and the vertex at the 
point (a, 0). Show that if the two parabolas 


y=4a(a—f) and «=4b(y-g) 
touch one another, then 
(fg —9ab)? =4(f? + 369) (9? + 3af). 


29. If normals PO, QO to a parabola intersect at right angles in O, 
the third normal 20 through the point 0 is cut by the axis in a point 
G, such that 80G'=OR. 


30. The normals at two points P and @ on the parabola y*?=4axr 
intersect on a fixed diameter y=; prove that the tangents at P and 
@ to the parabola intersect on the hyperbola wy+ak=0. 


31. The normal at P? to a parabola meets the curve again in @, and 
the tangents at P and Y meet in 7. Show that the minimum value of 
the area of the triangle 7'PQ is twice the square on the latus rectum. 


32. If two normals of the parabola y?=4az make complementary 
angles with the axis, show that their point of intersection lies on one 
of the curves 7?=a(w—a), y?=a(a—3a). 


33. The normal at ? to the parabola y?=4axv meets the axis in P 
and the parabola again in @; the normal at Q@ meets the axis in 
Kh’. A line RS equal to RA’ is drawn through & perpendicular to the 
axis ; show that the locus of S is 


(w—2a)y=4a(a—a). 
34, Tangents are drawn to the parabola y?=4aa# from the point 
(w’, y'); show that the corresponding normals intersect in the point 
iD) tow 
(20— a ¥%, -22), 
a a 


35. A parabola whose axis is along the axis of 2 intersects the 
ellipse «?/a*+-y?/b?=1 orthogonally at the point whose eccentric angle 
is p. Show that the latus rectum of the parabola is 2a sin2d/cos $. 


‘ 36. Find the coordinates of the feet of the normals from the point 
(4a, —1 8a) to the parabola y?=4aa. 
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143. The Ellipse. Let 
Ras + (ly and «=a cos 6, ys bsin 07.222) 


be the constraint- and freedom-equations of an ellipse. 
Then 


(a —«,)(a—a,) 
a" 


ee Yo) == 44 LAS 


is the equation of the chord whose ends are (X,, ‘Enea Yo); 
because (8) reduces to a linear equation in a, y, and is 
satistied when «=2,, Y=" and when 7=2,, y=Yp>. 

Put #,=acos6,, y,=bsin 6,, 7, =acos 6, y= sin O, in 
TEAS then, after simplification, we get 


2 Ss 4 1 de 
— cos +. 24-+¥ sin 47 = 608 423 cece weno 4 
L 2 b 2 Ake (») 


this is the equation of the chord whose ends are 0,, 0. 
Put 2,=, and y,=y, nm (3); then, after reduction, 


Tey YI _ 
A oe se) ee (5) 


this is the equation of the tangent at (x,, y,). 
Put v,=« cos 6, y,=bsin 6 in (5); then 

xeos@  ysin@ _ 

pica pene 


is the equation of the tangent at the point 0. 
The equation of the normal at (x,, y,) is, from (5), 


Ce ee 


or 
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1-# 


Since sin 0@= and cos@= the’ 


2t 
14+? 


where ¢=tan g , we may use (see § 89) as freedom-equations, 
instead of (2), 


Baa a Rapper J (9) 
is HE ey ads ae 
Equation (6) then becomes 
2\ 9  2Yt 4 He 
(1 +2) sree eee area Bee (10) 


the equation of the tangent at the point t. If (a, y) be 
regarded as known, then (10) is a quadratic in ¢t, whose 
roots give the points of contact of the two tangents from 
(2, Y). 

Kquation (8) becomes . 


byt4+2(ax+a?—b?)B + 2(axv—a?+b*)t—by=0,...11) 
the equation of the normal at the point t. If (a, y) be 


regarded as known, then (11) is a quartic in ¢, whose roots 


give the feet of the four normals drawn from (a, y) to the 
ellipse. 


It is easily shown (§ 135, Ex. 1) that 


YyY=mMx+ eC 
is a tangent to the ellipse if 
Ge a EO is eee (12) 
and that le+my=n 
is a tangent if GAO iy = OF), ctaat mete eae (13) 


144. Worked Examples. We shall now work some 
examples on the ellipse. 


Ex. 1. If the normals at the four points 6,, 6), 03, 6, on the ellipse 
are concurrent, prove that 


0, + O,+ 654+ 0,=(2n+1)z. 
From equation (11) it follows that 7,=0 and 7,=-—1, where Ts 


means the sum of the products of tan A tan O, tan Os tan — taken 
two at a time; and so on, : 2 a 
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T,-T. 
But tan $(0,+ 0,+ 03+ aes a 
therefore 0, + 6,4 63+ 6,=(2n+1)7. 


Ex. 2. If the normals to the ellipse at 6,, 0,, 6; are concurrent, 
sin (6+ 63)+sin (63+ 6,)+sin (6, + 6,)=0, 
and conversely. 
Let 6, be the foot of the fourth normal from the point of con- 
currency of the three specified normals. Then, as in Ex. 1, 7,=0; 
therefore 


San Gk, 0... 0, 
tan 3 tan 9. + tan 3 tan 3 + tan 3 tan 5) 
6, A, 0, 6, 
= —tan 7) tan 9 + tan 5 +tan A 
tan 4 +tan O. +tan 9s 
= = a 7 —, since 7,= —1, 
~1 ¢. ae: 23 
tan 5) tan 3 tan 5) 
POLS 0; 6; A, Ds 
=cot 3 cot 3 +cot 5) cot 3 +cot 9 cot 3° 
" > 6. 6. 0 6, 
Therefore © (cot 3 cot os —tan a tan ) =0, 
that: is, 32 (cos A, + cos 5) _ 9 
sin 6, sin 6, 
or ¥ sin 9,(cos 6,+ cos 6,)=0 
or » sin (0,+ 0;)= ay 


Since the steps are reversible, the converse holds. 


Ex. 3. If the normals at four points on the ellipse are concurrent 
and two of the points lie on the line 


Le Tt weg 
a 


i; , 
the other two will lie on the line 
ine: 
Let 6,, 02, 03, 6, be the four points. Then 
z cob g SOMO 16 nal 
2 OHO g AOROE 0 an kK 


are the equations of a pair of chords joining the four points. 
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Now cos} (6,+6,) _ _ cos 3 (8; — 4) 
cond (8, — 83) ~~ cos $B, ¥ Oy) 
if 2.cos $(0, + 6) cos $ (45 + 4) +2 cos $ (3 — 4) cos $ (4, — A2)=0, 
that is, if cos }(O,+6,+ 63+ 6,)+c0s 4 (6, + 6, — 63— 44) 
+ cos 4 (6, — 04+ 0, — 62) +cos $ (63 — 04 — A, + A2)=9, 
that is, if {sin (0,+6,)+sin (O;-+ 4) +sin (6,+ 63)}=0, by Ex. 1. 


And this is true, by Ex. 2. 
Hence (i) and (ii) may be written in the form 


la my 
at b 


xv Y 6 
Cle ai ia ie 
145. The Hyperbola. Let 
pl eons (1) and sv=asecO0, y=btan @ ...... (2) 


be the constraint- and freedom-equations of a hyperbola. 
Then 


(w—2,)(@—H)_ (Y-Y)Y—Yo)_@_y? 
“ae es eee ee 2 ei ia or a ouleleie (3) 


is the equation of the chord whose ends are (x,, y,), (Xs, Yo). 


The equation of the chord joining the two points 6,, 0, 
on the curve is 
oe O08, a: 6-0, 6,+06, 
4 oO8 — ?—F sin 5 2 = Cos =) POP ser: (4) 
The equation of the tangent at the point (x,, y,) 1s 
Ty ~ YY, 
ae im ie = ui Perec ereseccesesiseccsees (5) 
and of the tangent at the point 6, 
wx y a 
q 8c 9—F tan O=1. Maat yh Soe (6) 
The equation of the normal at the point (x,, y,) is 
c—a _ 
es TR me HO VT Rd i 
z, wh ; (7) 
a b2 


and of the normal at the point 6, 
ax sin 6+ by =(a?+b*) tan 0, .....cceceecees (8) 
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The line y=mx“+e 
is a tangent if Breton Ome — 8S oo oh deal (9) 
and le+my=n 
is a tangent if Deter BG Pn, 2h ne Sede aah (10) 


EXERCISES XLVII. 


1. Prove that the point of intersection of tangents at the points 

,, 6, on the ellipse #?/a?+72/62=1 has coordinates 
Pie 3(6, + 62) sin (6, + 62) 
cos $(@,— 62) — cos $(0,— 0) 

2. Prove that the eccentric angles 6,, 6, of the ends of any chord 
of the ellipse x?/a?+y?/b?=1, which is parallel to the tangent at the 
point 6, satisfy the relation 6,+ 6,=20. 

3. If the chords joining the pairs of points 6, 6, and 6, 6, are 
perpendicular, prove that 


0+6, 4+ 6; b? 
tan Brie, tan 2 =-— a 
: a2 — b? — b= a, : F 
4, Prove that the point (ae a cos 6, PLB bsin 0) lies on the 


normal at the point 6. Prove also that every chord through the first 
point subtends a right angle at the second point. 


5. Prove that the feet of the normals to the ellipse «?/a?+4?/b?=1, 
which meet at the point (A, /), lie on the rectangular hyperbola 


(a? — B) vy —a*hy + Phe=0. 

6. P is a point whose projections on the major and minor axes of 

an ellipse are the points in which these axes are cut by a normal ; 
show that the locus of P is an ellipse. 


. 2 
7. Prove that the tangents drawn at the points 6, 0+>, Visas, 
3 off : 
on the ellipse . += 1 intersect in pairs on the ellipse ?/a?+y?/b? =4, 
and that the centroid of the triangle formed by the tangents is the 
common centre of the ellipses. 


8. Prove that a one-fold infinity of triangles can be inscribed in 
an ellipse such that the centroid of each coincides with the centre 
of the conic. If PQR be such a triangle and P’Q’R’ the triangle 
formed by the tangents which touch the conic at P, @, 2, show that 
‘the centroid of triangle P’Q'R’ also coincides with the centre of the 


conic. 


G.A.G, 2B 
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9. Find the intersection of the normals at the points 0, ¢ on the 
ellipse x”/a?+y?/b?=1, and deduce the point of intersection of “consecutive 
normals” (centre of curvature) at the point @, Find also the radius of 
curvature, and prove that the equation of the evolute is 

= 
(ax)' + (oy)? =(@? pi)? 

10. Normals at P, Q on the ellipse z?/a?+y?/b°=1 meet the major 
axis in G, A respectively: prove that the projections of PG, YK 
on PQ are equal, and deduce (geometrically) that 7P/TQ=PG/A, 
where 7’ is the intersection of the tangents at P, @ 

If the common value of the projection is g and if PQ=d, prove that 
g/d=4b/k*, where & is the semi-diameter parallel to PQ, and 6 is the 
semi-minor axis. 

11. Prove that the locus of the in-centre of triangle PSS’ as P 
moves round an ellipse, whose foci are S, S’ and whose eccentricity 
is e, is an ellipse whose major axis is SS’ and whose eccentricity is 
(2e/(1+e)]®. 

12. P is any point (a cos @, bsin 8) on an ellipse and PSQ, PS’R are 
focal chords. Prove that the distance of P from QY& is 

2b(1 — e® cos?) 
{(1 +2)? sin? 6+ (1 — e?)3 cos? O}3 
nop 2 2 
. Show that SAE Abeer Teh 

13 ow tha et Be et Be 
is the equation of the chord of the ellipse «?/a?+~¥?/b?=1, whose 
middle point is (#1, 7,)- 

14, The locus of middle points of chords of the ellipse v?/a?+ 7?/b?=1, 
which subtend a right angle at its centre, is 

ay? a+b? (a2 x2 
ait bt ate \att Be) 
15, Show that if (#,, y,) is the middle point of a chord of the 


ellipse «?/a2+7?/b?=1, (&, n) the point of intersection of the normals 
and (, y) that of the tangents at its extremities, then 


a 2_ 72 (2% _ Ys 
Pty=( -o9 (2h), 


16. If m,, m, are the gradients of the tangents from the point 
(x, y) to the ellipse «*/a?+y?/b?=1, prove that they are the roots of 
the following quadratic equation in m : 

(a? — a) m? + 2arym +(b? —y?)=0. 

17. Deduce from the result of Ex. 16 that if the tangents from the 

point (x, y) to the ellipse meet at an angle ¢, 
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18. Prove that the locus of the point of intersection of rectangular 
tangents to the ellipse x?/a?+7?/b?=1 is the director-circle 


v+pP=a +b? 
19. Show that the feet of the four normals from («, y) to the 
ellipse 2*/a?+7?/b?=1 are given by either of the equations 
¢ cos*@ — 2?ax cos*@ + (ax? + b®y? — c*) cos?9+2cax cos 6 — a2x?=0, 
ct sin*@ + 2c*by sin? + (a?x? + by? — c*) sin26 — 2by sin 6 — b?y?=0, 
where c?=a?— = 
Prove that the coordinates of the centroid of the four feet are 
(a7x7/2c?, — b*y/2c?). 
20. If 0,, 6, 63, 0, are the eccentric angles of the feet of the 
normals from any point (, y) to the ellipse 2*/a?+7?/b?=1, prove that 


ar 


? —b? 33 a? . 
== oe cos; (ii) y=—3h- = sin 0. 


21. If the feet of two of the normals from a point coincide at the 
point 6, prove that the locus of the middle point of the join of the 
feet of the other two normals is 


ay =(4 fy 
(3) ae rea) ° 

22. Prove that if two lines drawn through the point (3a, 3b) meet 
the ellipse x?/a?+7?/b2=1 at four points, the normals at which are 
concurrent, one of the lines will be 4a/a—y/b=2. 

23. When two of the four normals to the ellipse #?/a?+y7?/b?=1 
coincide, prove that the line joining the feet of the other two is 
normal to the ellipse 2 ya? 
b2 Ta (@ — by" 

24, Find an equation whose roots are the gradients of the four 
normals that can be drawn from (x, 7) to the ellipse «?/a?+7?/b?=1. 

25. From any point (z’, 7’) four normals are drawn to the ellipse 
2/a2+7?/b2=1; prove that the tangents to the ellipse at the feet of 
these normals touch the parabola 

(aa! — yy — a? +07) + 40a’ yy =0. 
26. Prove that any tangent to the hyperbola 
DE yes, ak 
@ 8 a—b 
meets the conic #/a?+y2/b?=1 in two points, the normals at which 
are equidistant from the centre. 

27. If SY, S’Y’ are perpendiculars from the foci to the tangent at 
a point P on a hyperbola and WP is the ordinate to the transverse 
axis, prove that the angles SVY, SVY’ are equal. 
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28. Show that the part of a common tangent of the curves 


es A ad ae Bb 
ait Gin}, Canes ah ate 

intercepted between the points of contact subtends a right angle at 
the centre. 


29. If the sum of the squares of the normals from a point to the 
curve vy=a? is constant, the point must lie on a circle. 


30. Find the equation of the normal of the hyperbola 2#?/a?—y?/b?=1, 
drawn in a given direction, in the form 
1 
2 c0s O+y Sin w= (a? + 5?) sin « cos a(a? sin?a — b? cos*ax) *. 
31. From any point on the hyperbola «?/a?—yv?/b?=1 straight lines 


are drawn perpendicular to the asymptotes and cutting the curve 
again in Y and Q’. Show that the envelope of QQ’ is the hyperbola 


(2) -(gy (S28) 
a b/  \at—b4/ © 
32. Show that the tangents to the rectangular hyperbola 2?-—7?=a? 


at the extremities of its latera recta pass through the vertices of the 
conjugate hyperbola #—y?= — a’. 


33. If PN be the ordinate and PG the normal at a point P on a 
hyperbola, whose centre is C, and the tangent at P intersect the 
asymptotes at Z and LZ’, show that half the sum of CZ and CL’ is 
the mean proportional between CV and CG. 


34, The tangents at the ends of a chord PQ of a hyperbola meet 
in 7, and 7M, 7'N are drawn parallel to the asymptotes to meet them 
in M, VN. Prove that MN is parallel to PQ. 


35. A variable tangent is drawn to the hyperbola 22- 7 =a. 
cutting the circle «?+7?=a? in P and Q. Show that the locus of the 
middle point of PQ is the cardioid (a +7?)?=a?(a—y?). 


CH. XXII. § 146] 


CHAPTER XXII. 


POLE AND POLAR. 


146. Joachimsthal’s Section-Equation. Let 7’ (Fig. 130) be 
the fixed point (7,, y,) and U the variable point (a, y), and 
let ZU meet a conic in P,, P,; the study of the position- 
ratios of P,, P, with respect to T and U, viz. TP,/P,U and 
LP,/P,U, as U varies under certain conditions, leads to 
important results. Let the conic be 


Fic. 130. 


Let \ denote T'P,/P,U (or TP,/P,U), then the coordi- 
nates of P, (or P,) are 


© +A Yat ry <a Kae ae eae (2) 
[Ue eee be ore 
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Since P, (or P,) lies on (1), the values given in (2) must 
satisfy (1); substitute these values in (1), then 


(otro), (yy try? 
b2 


a 


+ =(1+)) 


or 


o(@ Yr 2 ta eT (a ur S \e ‘ 
(G+ i -1)420 (t+ 1) + (E+ 1) =0. 8) 


Lé 


This is Joachimsthal’s Equation. It is a quadratic in A, 
whose roots are TP,/P,U and TP,/P,U. The student 
should work out the forms of the equation when the conics 
are y?=4aw, «/a?—y?/b?=1 and xy =c*. 

For the parabola y? = 4ux, Joachimsthal’s Equation is 

N2(y? — 4ax) + 2A {yy, — 2a(a@+a,)} +(yP—4ax,)=0. (4) 

For the hyperbola  a?/a?—y?/b?=1, 

Joachimsthal’s Equation is 
gt ee ai 
nee 1) + 2n( Se ——1) 4 (Be 1) 0, 6) 


and for the hyperbola xy =c*, 
2 (ay — 0?) + 2A (7s + - 2) +(a,y,—¢)=0. ...(6) 


147. Pair of Tangents from a Point to a Conic. If U of the 
last section lie on either of the tangents from 7' (Fig. 180) 
to the conic, then T'P,/P,U=TP,/P,U; the two roots of 
Joachimsthal’s Equation are equal. Hence from (8) the 
pair of tangents from (#,, y,) to the ellipse a/a?+y2/b?=1 
is given by 


ey oP ye Oe, Vue e a, 
(af a) af a) (aga) 
from (5) the pair of tangents from (x,, y,) to the hyperbola 
v/a? —y?/b?=1 is given by 


oy \( ee ey YY _ 1). 
(B-f-(—"— )-Ge- 4-1); 

from (4) the pair of tangents from («,, y,) to the parabola 
y’ =4ax is given by 


(y?— 4aax)(y,2—4ae,) = (yy, —2a(@-+2,)}% 
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148. Pole and Polar. Definition. If a secant through a 
point T cut a conic in P, and P,, and U be the harmonic con- 
jugate of T with respect to P|, P,, the locus of U is the polar 
of T. 

If (P,P,TU) in Fig. 131 is a harmonic range, 

tial ==—T Pil 


therefore the sum of the roots of Joachimsthal’s Equation is 
zero. Hence the polar of («,, y,) with respect to 


. a Sle De ae eee Ys. 
(1) the ellipse mt Re ais 2 a2 a= e 
Bekaaye . Le, Yr 
(2) the hyperbola Fo — fo —= ih 1S = _ a =], 


(3) the parabola y?=4ax 1s yy, =2a(a@+2,). 


T 


ae 


»U 


Fig. 131. 


The polar of a point with respect to a conic is therefore 
a straight line, and the point is called the pole of the line. 

The polar of a point outside a conic is the chord of 
contact of the pair of tangents from the pont to the conie. 
As TP,P, (Fig. 131) turns round 7 into the position of 
a tangent from 7, 7'P,/P,U=—TP,/P,U, and T lies outside 
of P,P, so that U lies between P, and P,. When P, and 
P, run together at P, U also is at P, the point of contact ; 
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hence the point of contact of each tangent from 7’ lies 
on the polar of 7. But the polar of 7 is a straight line, 
so that the chord of contact of the tangents is the polar. 


149. Reciprocal Property of Pole and Polar. If the pont 
A(a,, y,) ies on the polar of Bla, y,) with respect to a 
conic, the point B lies on the polar of A,and A and B 
are called conjugate points. Let the conic be 


xv /a?+y?/b?=1; 
then the polar of B(a,, y,) is 


kg FU9 
ee b2 = 


A(@,, y,) lies on the polar of B; therefore 


LL Yo _ , 
at Be im ILS tal hy we SAR Gee Bre (1) 


Again the polar of A(a,, y,) is 
Cn, 
eo 


+901; oem cece eee eseceenseeses (2) 


and #, Y, satisfy equation (2), according to (1), so that 
B lies on (2), that is, B lies on the polar of A. A and B are 
called conjugate points. If two lines a, b are such that 
one passes through the pole of the other, it may be shown 
that the latter passes through the pole of the former, and 
the lines are called conjugate lines. If a pair of conjugate 
lines meet in 7’, then they are harmonically conjugate with 
respect to the tangents from 7’ to the conic. 


150. Examples of the Use of Pole and Polar. We shall now 
give some applications of the theory of pole and polar. 


Ex. 1. If a variable secant through a fixed point O, which lies outside 
or inside a conic, cut the conic in Q and Q’, and the tangents at Q and Q’ 
meet in T, the locus of T is the polar of 0. 

QQ’ (Fig. 182), the chord of contact of tangents from 7’, is the polar 
of 7 ($148), so that O lies on the polar of 7’; therefore, by the 


Reciprocal Property, 7’ lies on the polar of O: in other words, the 
locus of 7’ is the polar of O. 
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Ex. 2. The polar of a point within a conic is parallel to the chord of 
the conic which is bisected at the point. 

Let V be the middle point of the chord QQ’ in Fig. 132. Since QQ’ 
is a chord through JV, then, by definition, the harmonic conjugate 
of V with respect to @ and Q lies on the polar of V; call the point Z 
Since V bisects QQ’, J is the point at infinity on the line QQ’ (§ 116). 
Again, T lies on the polar of V by Ex. 1; therefore 77’ is the polar 
of V. But /7'is the parallel to QQ’ through 7, so that the polar of V 
is 7K parallel to the chord bisected at V. 


Fic. 132. 


If V is (7, y,) and the conic is z?/a?+y?/b?=1, the polar of V is 
wu,/a?+yy,/b°=1; hence the equation of YQ, the chord which is 


bisected at (7, 7), is " 
(@-nyAty-W ARO. 


Further, all chords of the conic through (, the centre, are bisected 
at C; hence the chord through C which passes through J, the point at 
infinity on 7'K, QQ’, is also bisected at C, so that the polar of I 
goes through C. But TV is the polar of J; therefore 7'V passes 
through C, and if it meet the conic in P, P’ as in Fig. 132, (PP’VT) 
is a harmonic range, since YY’ is the polar of 7, and CV. CT=CP?. 

Again, all chords parallel to QQ’ pass through J, so that the polar 
of J is the locus of middle points of chords parallel to QY’, and the 
locus is therefore the straight line CV. , 

If V is the point (7, y,) within the parabola y?=4az, the equation 
eeu (y ~J1)g=2a(a— 2), 
so that the gradient m of the chord whose middle point is (7, 7) is 
2a/y,, and therefore y;=2a/m. Hence the middle points of chords of 
gradient m lie on the line y=2a/m, parallel to the axis; this line is 
the diameter for such chords. V@ is called the ordinate of Y with 
respect to the diameter PV. (See § 152.) 


When V therefore lies within a parabola (Fig. 133), TV is parallel 
to the axis and (7, VP «) is a harmonic range, so that 7P=PV. This 
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gives a simple construction for the polar of a point V within a 
parabola. Draw VPT the diameter (parallel to the asis) through V 
io meet the parabola in P, and make PT equal to PV; the polar of V is 
the parallel TK through T to the tangent at P. 


Fic. 133. Fig. 134. 


Ex 3. If VR, N'A’ are the ordinates of &, R’ with respect to the 
diameter through a poiat A on a parabola which meets:the chord RX’ 
in 0, AG=AN. AN’. 

Produce OA (Fig. 134) to O' so that OA= AO’, then O'P parallel to 
NR is the polar of O, as was seen in Ex. 2. Hence (RR'OP) is a 
harmonic range (if RA’ meet O'P in P); therefore, by § 45, (OO'VN’) 
is a harmonic range, so that AO?=AN. AWN’ (§ 44). 


Ex. 4. If 7Q, TQ’ be tangents at Q and Q’ on a parabola, the 
perpendicular from the focus S to QQ’ bisects the intercept made by 
TQ, TQ on the tangent at the vertex. 


Q 


; Fig. 135. 
Let TQ, TQ’ (Fig. 135) meet the tangent at the vertex in M, V, and 
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let V be the middle point of QQ’. Draw 7K parallel to QQ’; then 
TK is the polar of V and T(QQ’VR) is a harmonic pencil. Now 
SM, SN are perpendicular to 7Q, TQ’, and SZ, the latus rectum, is 
perpendicular to 7’V. Therefore, if we draw SH perpendicular to 
TK or QQ to meet MV in H, S(MNLA) is a harmonic pencil ; 
and MW is a transversal of this pencil parallel to the ray SZ; therefore 
MN is bisected at H (§ 116). 

It may be noted that if YQ’ meets the axis in O (Fig. 135), 70 also 
bisects MN. Draw TO’ perpendicular to the axis to meet it in 0’. 
TO’ is the polar of O, so that 7(QQ’00’) is a harmonic pencil, of 
which the transversal JW is parallel to the ray TO’, which shows that 
TO bisects MN. OT is also bisected by IV; for the vertex A bisects 
OO’, since TO’ is the polar of 0. 


Ex. 5. The polar of the focus of a conic is the directrix, and the 
tangents at the ends of any focal chord cut the latus rectum produced 
in points equidistant from the focus. 


Fic. 136. 


Let any focal chord PS@ (Fig. 136) meet the directrix in H and let 
M, N be the projections of P, Y on the directrix. Then 


PS/SQ=UP|NQ= — PH/HQ, 


so that P@ is cut harmonically at S and H. Hence the locus of H 
is the polar of S; in other words, the directrix is the polar of the 
focus. 

If the tangents at P and @ meet the directrix in Z, then Z(PQSH) 
is a harmonic pencil, and the latus rectum is a transversal parallel 
to the ray ZH; hence VW, the portion of it intercepted between ZP 
and ZQ, is bisected at S. 
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Ex. 6. PAB, PCD are secants of a conic ABCD drawn from a point P. 
If AC, BD meet in Q and AD, BC in R, show that QR is the polar of P. 

Let Y, Y in Fig: 137 be the harmonic conjugates of P with respect 
to A, Band C, D respectively. ; / 

Join QX, QY; then Q(ABXP) and Q(CDYP) are harmonic pencils. 

But @A, QB, QP are in line with QC, QD, QP. Therefore QJ, 
QY are in one and the same straight line (§ 46); in other words, @ 
lies on YY. Now XY is the polar of P, therefore @ lies on the polar 
of P. Similarly £ lies on the polar of P, so that QR is the polar of P. 


Note. If QR meet the conic in 7 and 7’, we now know that P7, 
PT" are the tangents from P. The example shows how to draw the 
tangents from an external point to a conic by use of the ruler only. 


Fia. 137. 


If A, B, C, D are any four points on a conic and AB and CD meet 
in P, AC and BD in Q, AD and BC in R, as in Fig. 137, we have 
seen by Ex.7 that Q# is the polar of P. Similarly PQ may be 
shown to be the polar of &, so that, by the Reciprocal Property, 
RP is the polar of Q. The triangle PQR is therefore such that each 
side is the polar of the opposite vertex; such a triangle is called a 
self-conjugate triangle or a self-polar triangle. 


Ex. 7. The tangent at P on an ellipse cuts the auxiliary circle in 
Yand FY’, and the other tangents from Y and Y’ to the ellipse touch 
it at Q and Q’; show that YQ’ meets the tangent YY’ on the major 
axis and that YQ’, Y’@ intersect on the ordinate at P. 
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Let QY, Q’Y' meet in O, and let QQ’, YY’ meet in 7. Then QQ’ is 
the polar of O with respect to the ellipse, so that 7’ lies on the polar 
of OQ, and therefore O lies on the polar of 7. But P, being the point 
of contact of the tangent 7'P, also lies on the polar of 7’; therefore OP 
is the polar of 7. Hence if OP meet QQ’ in M, (QQ'MT) is a 
harmonic range; therefore 0(QQ’M7) is a harmonic pencil, and the 
range (YY’P7’) formed by the transversal PT’ is harmonic, by the 
fundamental theorem (§ 45). Now, if the -tangent at P meet the 
major axis at 7”, we have 7” Y/T7’ Y’=SY/S' Y’=PY]/Y’P, by similar 
triangles SPY, S’PY’. Hence 7” coincides with 7, or QQ and YY’ 
meet on the major axis. Since 7’ is on the major axis, its polar is 
perpendicular to the major axis; but OP is its polar, therefore UP 
is the ordinate at P. Now (7PYY’) and (TMQ) being harmonic 
ranges, it follows from § 46 that QY’, YY cross on PY, that is, on 
the ordinate at P. 


The following examples illustrate the use of pole and 
polar analytically. 

Ex. 8. The locus of the poles of tangents to x?/a?+y?/b?=1 with 
respect to z?+y?=a? is the ellipse a7?+ b*y? =a. 

Let (7,, 7) be a point on the locus; the polar of (7, y,) with 
respect to 2°+y’=a? is FLIER YY POOR ee, ohh ARS ie, Be (i) 

Tf (i) touches x?/a?+7?/b?=1, then 

aa 2+ by 2=a4, 

so that the locus is ax? + b*y? =a". 

Ex. 9. Thelocus of poles of normal chords of the ellipse #/a?+y?/b?=1 


is the curve ere 
bee st — b?). 
Let the equation of a normal chord be 
cg Oe ae : 
con 0 ain 77 b dtc ete e eee cceeer sre eeencseeees (i) 
and let its pole be (7,7,) ; then (i) can be put in the form 


SO me cscsosszrnehcossesnesies asses (ii) 
From (i) and (ii), we have 
ae 63 2 9 
eo, Sy A eS 
4,cosO0 = y, sin® # 
6 b mre 
or 7m =(a?—b*) cos"9 and ye =(a? — ?) sin?6 ; 
ae Ce OF anne 
hence, by addition, —4+-5=(¢- BY. 
Tieot 


The locus of (,y;) is therefore a®/x?+ 0°/y? = (a? — 6°). 
The student should sketch the curve. ‘ 
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EXERCISES XLVIII. 


1. If 6, ¢ are the eccentric angles of points P, Q on the ellipse 
2x*/a?+y2/b2=1, prove that the coordinates of the pole of PQ are 


acos}(0-+¢)/cos}(0—$), sin $(0-+¢)/cos 3(0— $). 
2. Find the pole of the line 7z+my=1 with respect to 
Gi) 22/a?+77/b=1 } (ii) 2?/a?—4?/b?=1 ; 
(iii) zy=C; (iv) y?=4ax. 
3. Find the condition that la+my=1, Uv+m'y=1 should be 
conjugate lines with respect to the conics (i)-(iv) in Ex. 2. 
4. Find the equation of the chord of (i) y?=4az, (ii) #?/a?—7?/b?=1, 
which is bisected at the point (7y;). 
5. Two tangents are drawn from («, 9) to the ellipse #7/a?+y?/b?=1; 
show that the length of the chord of contact is 
2a1b(a2/a* + 2/b*)* . (a2/a®+ 2/0? - 1)! [(02/a2+ B?/b?). 
6. Prove that the polar with respect to a hyperbola of any point 
on an asymptote is parallel to that asymptote. 


7. P and Q are two fixed points; through @ circles are drawn 
having a constant radius c, where 2c?= PQ? ; prove that the polars of 
P with respect to these circles touch a rectangular hyperbola whose 
centre is P. 


8. Prove that the tangents at the extremities of all chords of the 
ellipse z?/a?+y?/b7=1 which subtend a right angle at the centre 
intersect on the ellipse v?/a4+y?/b4=1/a?+1/6?. 

9. The polar of any point O with respect to a conic and the 
perpendicular to it from O meet either axis in 7’ and G ; prove that 


CG. CT=CS*. 

10. £& is the point 4 on the ellipse #?/a?+y72/b2=1, RS and RS’ meet 
the ellipse again in P and Q; prove that the coordinates of 7', the 
pole of PQ, are b(1+e) 

Toe sin 6. 

11. The straight lines PS, PS’ joining any point on the ellipse 

w/a? +y"/2=1 to the foci S, S’ meet the curve again in @, Q’. 


Tangents at Q, Q meet in 7. Show that the locus of 7, as P moves 
round the curve, is the ellipse 


(1+62)at%/a2+ (1 — o2)%y2/b2= (14-2), 
e being the eccentricity of the given ellipse. 


—acos6, — 


12. Tangents drawn from any point on the parabola y?—2ax+e=0 
to touch the parabola y?=4ax meet the axis of x in the points EZ, F. 
Prove that #, F are equidistant from the pole of the common chord 
of the parabolas with respect to the parabola y?=4az. 
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13. If a circle touches a parabola at a given point, the pole of its 
chord of intersection with the parabola will lie on a fixed straight line. 


14, Show that the locus of the feet of the perpendiculars let fall 
from points on a given diameter of a conic on the polar lines of these 
points is a rectangular hyperbola. 

15. The pole of the normal at P to an ellipse is 0 and the foot of 
the perpendicular from the centr2 C on the tangent PO is Y; prove 
that the rectangle YP. PO is equal to the square on the semi-diameter 
conjugate to CP. 


16. 7 is any point on the circle z+y?=a?+b?, C is the centre of 
the ellipse x?/a?+y?/b?=1, TM and CW are perpendiculars to the polar 
of 7’ with respect to the ellipse ; prove that the rectangle CV. 7'¥ is 
constant. 


17. Sand S’ are the foci of an ellipse, Y and Q’ points on it on the 
same side of the major axis, such that SQ, S’Q’ are parallel and make 
an angle 6 with the major axis. 7 is the pole of QQ’, P is the point 
whose eccentric angle is 9 and the tangent at P meets the major axis 
in 7’. Show that 77” is at right angles to SQ. 


18. Two points P and @ are such that the polar of one with respect 
to an ellipse passes through the other, and the line PQ passes through 
a fixed point ; show that if P moves along a straight line through the 
centre of the ellipse, the locus of Y is a hyperbola. 

19. A point P moves along the line 7+2y-—3a=0; show that its 
polar with respect to y’=4ax/ always passes through the point 
(—3a, — 4a). 

20. If the polar of P with respect to the ellipse w?/a*+ 7?/b?=1 
touches the ellipse x?/a’?+¥7?/b2=1, prove that the locus of P is 

ap? /a4 + b'y?/b4 =1. 

21. Prove that the pole of PY with respect to a conic is the inter- 
section of the polars of P and Q. 

22. If two triangles ABC, A’B’C’ are such that the sides of A’B’C’ 
are the polars of A, B, OC, prove that the sides of ABC are the polars 
of A" B,C’. 

23. If any number of points are collinear, prove that their polars 
with respect to a conic are concurrent. 

24, If tangents are drawn toa conic from points on a given straight 
line, the chords of contact pass through a fixed point. 

25. Prove that the polar of a point P with pay tas to a conic centre 
C is parallel to the diameter of the conic whose direction is conjugate 
to that of CP. 

26. If a, b, c, dare the polars of the points A, B, C, D, and if A, B, 
C, D form a harmonic range, prove that a, 6, c, d form a harmonic 
~ pencil. 
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27. A conic touches the sides BC, CA, AB of a triangle at P, Y, R 
respectively, and Q2 meets BC at P’; show that (BCPP’) isa harmonic 
BP CQ. AR_, 

PC QA BB 

28. AB, AC are the tangents from A to a conic. A variable tangent 
meets the conic at P and BC, CA, AB in Q, R, S respectively ; prove 
that (PQRS) is a harmonic range, and that BR, CS intersect on the 
line AP. 


29. Parallel tangents to a conic at P, Q meet the tangent at the 
point 2 in S, 7’; PQ meets this tangent in U and PT, YS meet in V. 
Show that #V is the polar of U. 


30. Two conics touch at a point P and intersect at points Q, Lf. 
Through P a line is drawn cutting the conics again in A and B; 
prove that the tangents at A and B intersect on QR. 


range, and that 


31. Show that the polar, with respect to an ellipse, of any point on 
the auxiliary circle cuts the ellipse at the extremities of two parallel 
focal chords. 


32. PSQ is a focal chord of a conic;' P7' is the tangent at P and 
the perpendicular through @ to P@ meets P7'in JT. Show that the 
directrix bisects Q7. 


33. If any line be drawn through a fixed point to cut a parabola, the 
tangents at the points of intersection will meet on a fixed straight line. 


34, On a diameter of a parabola through the point P on the curve 
are cut off PA and PB so that P bisects 4B. Show that the polar of 
A goes through B, and that the polars of A and B are parallel lines. 


35. J’ is any point on the tangent at Pon a parabola. A secant 
TQ0Q’ meets the curve in Q, Q’ and the diameter through P in 0; 


show that TO2= TQ TQ 


36. Pisa point ona parabola, PV the diameter through P, V any 
point on the diameter, VJfa perpendicular from V to the polar of V, 
meeting it at /. Show that the focus lies on WP. 


37. Hand KX are points on the axis of a parabola equidistant from 
the vertex. Show that the segments of a chord through A, made by 
the axis, will subtend equal angles at H. 


38. 0 is any point on the diameter of a parabola through a point P 
on the curve. Any line through O meets the curve in Q, Q’ and the 
tangent at Pin 7. If 7 is the middle point of OR, prove that RQ 
RO, RY are in harmonical progression. ; 


39. 7Q, TQ are tangents at Q, Q’ on a parabola whose focus in S, 
and QQ’ cuts the axis in 0. The diameter through 7 cuts the 
directrix in 0’; show that 7'0 and SO’ bisect one another. 
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40. 70, TQ are tangents to a parabola and QQ’ cuts the axis in 0. 
If 0’ is the projection of 7’ on the axis, prove that OO’ is bisected at 
the vertex of the parabola. 


41. TQ, TQ’ are tangents to a parabola which meet the tangent 
at the vertex in U,V. If QQ’ cuts the axis at O, show that the ortho- 
centre of triangle WON is the focus. 


42. The tangent at P on an ellipse meets the auxiliary circle in 
Y, Y’, and YQ, Y’' are the other tangents from Y, Y’ to the ellipse. 
If OY, @Y’ meet in & and the tangents to the auxiliary circle at 
Y, Y’ meet in 2’, prove that P, 2, Ff’ are collinear. 


43. Tangents from a point P to the parabola y?—4ax=0 are har- 
monic conjugates with respect to the tangents from P to the parabola 
a?+4by=0; prove that the locus of P is the hyperbola wy —2ab=0, 


44, Show that the locus of points from which the tangents to the 
ellipse «?/a?+y?/6?=1 and to its auxiliary circle form a harmonic 
pencil is a concentric ellipse, and find its equation. 


45. Find the locus of the intersection of tangents to the conic 
2*/a?+y?/b*=1, which meet at an angle ¢. 


46. Find the equation of the locus of the intersection of perpendi- 
cular tangents to 


1 af? see Lye 
(i) atl (ii) a ale 


G.A.G, 2c 
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CHAPTER XXIII. 


DIAMETERS OF CONICS. 


151. A Special Form of the Linear Equation. An important 
equation in the study of conics is 


ak Sua ha l 
Py meee wie (1) 
or x=£+reos6, y=n+rsin 8, ......-....-0 (2) 


one form (§ 34) of the equation of the line through (&, 7) of 
gradient tan @, 7 measuring the step, positive or negative, 
from (& 7) to (a, y) along the line. The following examples 
will show the mode of its application. 


Ex. 1. Let A(&, 7) be a specified point inside the parabola y?=4aa. 
A chord PQ of the curve is bisected at A ; find the equation of PY. 

The equations «=&+r cos 0, y=7+r7 sin 6 represent any line through 
(&, ); let them represent PQ. If (x, y) is the point P or Q, then 


¢y?=4Aawx ; therefore (n+r sin 6)?=4a(é +r cos 6) 

or 72 sin? 9+ 2n(n sin O — 2a. cos 0) +7? — 4aE =O, .....10eeseeeee (3) 

a quadratic whose roots are AP and AY. Now AP+AQ=0, hence 
Hsin @—2acos@=0 or tan 6=2a/n. 


Since PQ has gradient 2a/n, its equation is 7 -1=— (w—&). 


Ex. 2. Prove that the necessary and suflicient condition that (& 7) 
should lie within the parabola y?=4aw is that 7?—4a€ be negative. 

Let A be the point (€, 7); PQ a chord through A. Then, as in Ex. 1, 
AP, AQ are the roots of equation (3). But AP. AQ, the product of 
the roots, is negative if and only if A lies within the curve ; therefore 
the necessary and sufficient. condition required is that (7?—4a€)/sin26 
be negative, or that »?—4a& be negative. 
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Ex. 3. Find the equation of the tangent at (€, 7) on the parabola 
y?=4ax; find also the gradients and lengths of the tangents from 
(&, 7) to the parabola, when (&, 7) does not lie on the curve. 

If (&, 7) is on the curve, one root of equation (3) is zero; if tan 0 is 
the gradient of the tangent at (&, 7), both roots are zero. 

Hence the gradient of the tangent at (€, ) is given by 


sin §—2acos6=0 or tan 6=2a/n, 


so that the equation of the tangent is y— eae &) or yn=2a(x+8), 
as in § 142. 7 

Now suppose that (€, 7) is not on the curve. If r in equation (3), 
Ex. 1, is the length of a tangent from (6, 7) to the parabola, the roots 


of (3) are equal, whence 

(n sin 6 —2a cos 6)?=sin26(y2—4a) or § tan?6—7 tan 6+a=0...(4) 

The two values of tan @ got by solving (4) are the gradients of the 
tangents from (&, 7). 

Also r?= product of roots of (3)=(n?—4a€)/sin?6, where sin? is to 
be found from (4). We find that 


4a°s?= (4? — dag) 40?-+[9 + J? —4a8)P}. 
Ex. 4. Through the point A(14/5, 2/5) within the circle 
Ba2+ By? — 142-27 =40 
are drawn the chords which are trisected at A; find the equations 
of the chords. : 
Let c=14+r cos 6, y=2+rsin@ be the equations of PQ, a chord 


trisected at A. Substitute these values in the equation of the circle ; 
the quadratic in 7 so obtained, namely 
5r2+ Ir(7 cos O+sin 0) —40=0, 2.2.0... ceccec see esee ee (5) 
has for roots AP,.AQ; say 7;, 7. Hence 7,+2r,=0 or 27, +7,=05 
therefore (7,+2r,)(27,+72)=0 or 2(7,+72)?+7y7_,=0, so that by (5) 
(7 cos 0+sin 6)? =25, giving tan 6=4/3 or — 3/4. 

Hence the equations of the chords are y—2/5=$(a—14/5) and 
y —2/5= —2(v—14/5) or 4x —38y=10 and 32+4y=10. 

Ex. 5. The equation of the normal at the point ( on the ellipse 
x2/a2+ y?/b?=1 may be put in the form 

x—acos# y—pbsin 6 r 


bcos 9 asin@ CD 


Let tan¢ be the gradient of the normal, then the equation of the 
normal may be written in the form 


a—acos@_y—bsin @_ 6 
Fe ere TERR aay 2 cas si (6) 
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But, by § 143, we have 


asin 0 
tan Fa 0 
so that ; 
= bcos ot Ee asin 0 
oe ao J(aisin? 6+ b2cos? 9)’ = (a? sin? 6 + bcos” ) 
or cos p= + 2088, sin p= 2 een’ dea tnsaecaissgniaw (7) 


If we select the two positive signs in equations (7), then 7 of 
equation (6) will be positive or negative according as («—acos @) and 
cos @ have like or unlike signs; in other words, 7 will be positive when 
(2, y) lies on the outward normal and negative when (#, y) lies on the 
inward normal at 6. 

By help of equation (7), equation (6) can now be written in the form 


x—-acos@_y—bsinO_ r_ 
bcos ~—s asin@ = CD 
Ex. 6. On the normal at P to the ellipse x?/a?+y?/6=1 are 
marked off PQ outwards and PQ’ inwards, so that PY and PQ are 
each equal to the semi-diameter conjugate to CP; prove that 
CQ=a+b and CQ’=a-b; 


and deduce a construction for the axes of an ellipse when a pair of 
conjugate semi-diameters are given in magnitude and position. 

Let P be the point (a cos 6, bsin 8) and let CD be the semi-diameter 
conjugate to CP. Then the equation of the normal at P is, by Ex. 5, 


z—-acos@ y—bsiné_ r 
beos6 ss saasin@ = CD 


lfr=CD, v=(a+b)cos@, y=(a+b)sin 0 
and CCH=22+y=(a+bP or CQ=at+b. 
If r= —CD, x=(a—b)cos 6, y=—(a—b)sin 8 
and CQ? =27+y7=(a—-bP? or CY'=a-b. 
Also the gradient of Bee Os meth 0 
(a+6) cos 6 
and the gradient of CQ’ = — oho = R — c= —tan 0. 


Hence the major axis bisects the angle between CQ and CQ’. Thus 
the directions of the axes are determined; their lengths are also 


determined, for CQ+CQ'=2a and CQ-—CQ'=2b. 


When CP, CP are given in magnitude and position the points Q, Q’ 
are found by drawing QPQ' perpendicular to CD and marking off 
PQ, PY equal to CD; the major axis is the bisector of the angle QCQ’, 
and the lengths of the axes are given by the equations just written, 
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EXERCISES XLIX. 


1, Find the equation of the chord of the ellipse #2/a2472/b2=1 
which is bisected at the point (&, 7). : oe 

2. Find the equation of the chord of the hyperbola e/a? —y2/b?=1 
which is bisected at the point (&, 7). 

3. The necessary and sufficient condition that the point (2, n) 
should lie within the ellipse #?/a?+72/b?=1 is that #2/a?+y,2/b?—1 be 
negative. 

4. Use the method of § 151, Ex. 3, to find the equation of the 
tangent (i) at (zy,) on #/a?+9?/b?=1, (ii) at (ryy,) on #?/a?— y?/b?=1, 
(iii) at (wyy,) on av? + Qhay + by*+29x+2fy+e=0. - 

5. If TP, TQ are the tangents from T(z, y) to the parabola 
y’=4ax, whose focus is S, prove that 


TP, TQ=(y?— 40x), 2. 
a 


6. A straight line through a fixed point P(f, g) meets the lines 
an? + 2haey+by?=0 at the points A, B and a point Y is taken on the 
line such that 1/PQ=1/PA+1/PB (PA, PB, PQ being steps); prove 
that the locus of @ is a straight line. 

7. Find the length of the intercept made on the line y=mx+c by 
the lines a2?+ 2hay + by?=0. 

8. Find the area of the triangle formed by the lines 

le+my=1, axz?+2hay+ by?=0. 

9. @isa variable point on theline av+by+c=0. Onthe line joining 
@ to the origin are marked off points P, P’ such that PY=QP’=d, 
a constant ; find the locus of P, P’. 

10. Prove that the locus of the points which divide in the ratio 
1: 4a series of chords inclined at an angle @ to the major axis of the 
conic x7/a?+y?/b7=1 is given by 

acos@ ysin 6\? cos?@ . sin20\ (a? 4? 
4k ( Ee) +(1-m}( OF + 2 mt be 1)=0, 


az 


and draw some observations from this equation. 


11. Prove that the square of the length of the chord of the ellipse 
2?/a2 + y?/b?=1, which has its middle point at (A, 4), is 


RW IPN ( (2 BN) 
22 Sipe. 
oto ra) ate) 1) 
12, Find the equation of the chord of 2vy=c? whose middle point 


is (a, 8). Prove that the locus of the middle point of a chord of 
Qxey=c?, which is of constant length 2d, is c?(a*+y*)=2xy (a? +y? — a). 


13. On a chord of the parabola 7?=4ar through a fixed point 
O(h, &) a mean proportional OW is taken to the segments of the chord. 
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Show that the locus of Mis the diameter whose equation is y=k+e, 
where c? is the numerical value of k? —4ah, 


14, Prove that the equation of the tangent to the ellipse x*/a?+y?/b?=1 
at the point 6 may be written in the form 
x-—acos y—bsinf -r 
asin —bcos@ CD 


where r is the step (positive or negative) from the point of contact to 
(x, y). 


15. If the tangent at P on an ellipse is met in 7, 7” by a pair of 
parallel tangents drawn at @ and @’, prove that PZ’. PT’=CD*, 
and also that Q7'.Q’7" is equal to the square of the semi-diameter 
parallel to Q7. 


16. If the tangent at P on an ellipse is met in Z, L’ by a pair of 
conjugate diameters, prove that PL. PL’=CD*. 


17. Find the equation of the normal at a point on an ellipse in the 


form 
X<=3f yy, 
T, 
px, py, 
az b2 


where p is the perpendicular from the centre on the tangent at the point. 


_ 18. If the normal at P to the ellipse 2?/a?+y?/b?=1 meets the axes 
in G, g and Q is a point on the normal such that 


2 1 1 


PQ PG* Py’ 
; ge 58 Broek 
show that the coordinates of @ are (Sep toos 6, Sra bsin 6). 


152. The Parabola. The following are the leading 
theorems regarding the parabola. 


THEOREM 1. 
The locus of the middle points of parallel chords of the 


parabola y? = dase 


is the diameter = — 


where m is the common gradient of the chords. 


_ Proof. Let V(é 7) be the middle point of the chord QQ’ 
(Fig. 138) of gradient m. 
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Let the equations of QQ be 
x=E+rcos0, y=n+rsin8, 
so that tan @=m. 
If a, y are the coordinates of Q or Q’, then y”? = 4a, so that 
r’sin* 6 + 2r(y sin 0— 2a, cos 0) +7?—4a€=0. 0.2... (1) 


Fia. 138. 


VQ, VQ are the roots of (1), so that the sum of the roots 
is zero and therefore 


n sin 0—2a cos 0=0 or n= Ln a a > (2) 


Writing y for y, we have 
= 2 
y= 
as the locus of middle points of chords parallel to QQ’. 
The locus is a line parallel to the axis; let it meet the 
curve at P. PV is called a diameter, VQ and VQ’ are 
ordinates of the diameter PV. 

The tangent at P is the line obtained by moving QQ’ 
parallel to itself till Q and Q run together, so that the 
tangent at P is parallel to the chords bisected by the 
diameter through P. If VP, AWN are the coordinates of P, 


NP=~, and AN =*4, CODD S Or OcONOO Lee (3) 


Also SP=MP=a+ ~ EO, CORBC (On. a. <a eep te (4) 
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THEOREM 2. 
If QV is an ordinate of the diameter through a point P 
on a parabola, QV2=48P.PV. 
Proof. (See Fig. 138.) y 
gve=—vevg =e", by (2) onan (5) 


But, by (2) and (4), 
_ 2a d ae ater SP : 
1m, ag sin?@ a” 


therefore, by (5), 
hats 4aey 2 oa a 
QV =" (40g— Tp) = 48P(E- 75) 
=4SP(NV—NP)=4SP. PV. 
Cor. If the diameter and tangent through P are oblique 


axes of x, y, then VQ=y and PV =z, so that the equation 
of the parabola referred to these axes is 


ak tk ee Ree (6) 


where o= SP. 


4SP or 4a is called the parameter of the diameter 
through P. 
The equation of the tangent at (#,y,) on (6) is 
YY A= LOAOA- Hj)... snares sae haeee een (7) 
Freedom equations for (6) are 


ye Ae eke tage. 
e=al, y=2ot or t= Y=) 


and the equation of the tangent at the point m is 


Oo 
Dag cage auc aivia\ale'h es sive aloi'e.s = 41618 solv waieing (9) 


If QD is the perpendicular from Q on PV, it is easy 
to show that QR =@449 (PV. Seen (10) 


153. Worked Examples. The ‘following examples illus- 
trate the theorems of the preceding section. 
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Ex. 1. The tangents to a parabola from a variable point 7’ meet 
the tangent at the fixed point P in R and R’, so that PR. PR’ is 
constant ; show that the locus of 7’ is a straight line parallel to the 
tangent at P. 

Refer the figure to the diameter and tangent through P as oblique 
axes of v and y, and let the equation of the curve be 

y= sox ; 


let MT, PM (Fig. 139) be the coordinates of 7. Let 7'R, TR’ meet 
the curve at @, Y’ and let Q, Y’ be the points 


( a 2 ( a 
3 ] . 
m mi) \m? m’ 


Fig, 139. 
The equations of 7h, TH’ are 


OO Oo 
yam + and YM ut 5 


therefore UT an = os PB en, 
mir m nd 


Hence a.MT=PR. PR =constant, 


so that U7 is constant and the locus of 7 is a line parallel to the 
tangent at P. 

Ex. 2. Ifa variable tangent to a parabola intersect three fixed tangents 
in Y,, Y,, Y3, then the ratio Y,Y,: Y,Y, is constant, 

Let the variable tangent touch the curve at P and refer the figure 
to the diameter and tangent through P as oblique axes of w and y. 
Let the equation of the parabola be 


y=4a2, 
and let the points of contact of the fixed tangents be 
Q(x)» Q2(%2¥2), Os(#3Ys)- 
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The equation of the tangent at Q, is 
Yip = 20( x + 2). 
Put #=0, then y=PY,, so that 


4 
Ga. =. 
YY, PVP en 
YY, PY;—PY, ta 
Ex. 3. Tangents at Q, Q’ on a parabola intersect in T, and the tangents 
at a third point P meets TQ, TQ’ in R, R’; show that 
QR: RT=TR :RQ=RP : PR’. 
Using Fig. 139 and the notation of Ex. 1, we have 


Hence =a constant. 


HQ=5 and TM= -—— ; 
therefore OR AT—HO0 77M — oe 
Similarly TR RV=TM HY = 4 : “a= = =. 
Again PR=—, PR= = 
so that RPP = th : 


154. Central Conics. We have already investigated the 
properties of diameters of the ellipse. The method em- 
ployed does not apply to the hyperbola, so that we shall 
now give a short account of the general method of $§ 151, 
152 as applied to the ellipse ; certain obvious changes make 
the discussion apply to the hyperbola. 


THEOREM 1, 
If y=me.....1) and yeme vecccccccee. (2) 
are diameters of the ellipse 
2 2 
“ots ae eae Tos (3) 
; b2 
and uf mm = a (4) 


each of the diameters (1) and (2) bisects chords parallel to 
the other, and the diameters wre called conjugate diameters. 
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Proof. Let V(é n) be the middle point of QQ’, a chord 
of the ellipse, of gradient m. The equations of QQ’ may 
be written 


x=€+reosd, y=n+rsin8, 
where tan 9@=m. 


If x, y are the coordinates of Q or Q’, then r= VQ or VQ. 


Also, from (3), a. y =1; 
az bP 
Gieretore | aeRO ED ee Oy 1 
u” 2 


2 tet é s 2 2 
fa 7028 @ |, sin 9) +-2n(é cos @ 7sin ye +%-1=0.(5) 


a b a b a 


Now VQ+VQ’=0, so that the sum of the roots of (5) 
is zero; therefore 


€cos@ , ysin® _ 22 .*. cos 7 
a b? hee ie a? sin@ > 
But tan 0=™m and, from (4), m’ = —6?/a?m ; 
therefore n=m , 


so that the diameter (2) bisects all chords parallel to (1). 
Similarly, the diameter (1) bisects all chords parallel to (2). 


THEOREM 2. 
the y=mn and y=ma2 
are diameters of the hyperbola 
ue ig 
ie seal 
b? 
and uf man’ ==s» 


each of the diameters bisects chords parallel to the other, 
and they are called conjugate diameters. 
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THEOREM 3. 
If P, D are the points 
(acos@, bsin@) and (—asin@, bcos 0) 


on the ellupse til 


CP, CD are conjugate semi-diameters and 
CP?+ CD? =a? +0". 
Proof. Let m, m’ be the gradients of CP, CD; then 


b sin 0 ¥ bcos @ 
m=—,. and m= —-——. 
a cos @ asin @ 
; b? 
Therefore mm’ = ——s 


so that CP, CD are conjugate semi-diameters. 
Also, CP?=a?cos’?@+6?sin?6, CD?=a?sin?@+ 6b?cos?6 ; 


therefore CP?2+CD?=a?2+b?. 
THEOREM 4. 
If CP, CD ave conjugate semi-diameters of the hyperbola 
a a 
at get 


and P is the point (asec 0, b tan 0), then the coordinates of 
D may be put in the form 


(ai tan 0, bi sec 6), 
where i=/—1; and if CD? denote 


a?tan?@ + b?sec26, 
then OP=OD? = a7— 2 
Proof. Let m, m’ be the gradients of CP, CD; then 
'* btand Be 
ih, Ores fr and mm aor 
Therefore mn’ = 08008 _ bi sec 6 


atan@ aitand 
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Now (aitan 6, bisec@) is a point on the hyperbola; 
therefore it is an extremity of the diameter y=m’x 
conjugate to CP, and therefore it is D. 

Also, OP?=a?sec?6+6? tan?6, OD? =a? tan26+b? sec? ; 
therefore CP?—CD? =a? —b?. 


THEOREM 5. 

(1) The equations of the tangent and normal at the 
point (acos@, bsin @) on the ellipse x?/a®+4?/b?>=1 may 
be written in the forms 

x—-acosd y—bsn@_ r 


asin 0 —beos@ CD 
x—acos@ y—bsnd@ r 
beos@ asnd CD 
(2) The equations of the tangent and normal at the 
point (asecO, btan@) on the hyperbola 2?/a?-y?/P=1 
may be written in the forms 
a—asecO y—btand rr 
atan@  bsec@ CD 
ee a—asecO y—btan@_ r 
bsecO  —atand CD 


(See Ex. 5, p. 403.) 


and 


THEOREM 6. 
If PCP’ is a diameter of a central conie which bisects 
the chord QW iw V, then 
Q V2 is CL, 
Nee ON 
where CD is the semi-diameter conjugate to CP. 
Proof. Let V be the point ( 7), let P be the point 
(a cos 6, bsin @), and let the equation of QQ’ be | 
a—€ ie 
—asin@ beos@ UD’ 
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asin @ bcos 0 
OD. a ek OD 
If (a, y) are the coordinates of Q or Q’, we have 


2 2 
at aah 
pw fésnd noon O\., £* of 4 
so that oe— ape gb) teat pI HO. 


VQ, VQ are the roots of this equation in r; therefore by 
the rule for the product of the roots of a quadratic 


equation, 2 Vo’ 2 9 
here Bo =i (S44- Ay (1) 
The equation of P’VP may be put in the form 
‘el TOR eee ee 
acos@ bsin@ CP’ 
therefore, similarly, 
VIVES See ge 


Gp? =e ja | ee ee ee (2) 
But VP.VP’=—PV.VP’; therefore, from (1) and (2), 
Oh este et EAS eee QV? OD? 


CD OPt2 "PV EVP OP: 


THEOREM 7. 


If a central conic be referred to CP and CD, a pair of 
conjugate semi-diameters, as oblique axes of « and y, its 
equation takes the form 


ied pe Qe 2 
at git) a ee | 
according as the conic is an ellipse or hyperbola, where 


OP =, CD=£. 


Proof. If CV, VQ are the abscissa and ordinate of a 
point Q on the ellipse, then 


QV2=y, PV.VP =02—2; 


eal 
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therefore, by Theorem 6, 


The tangent at (#,y,) on the ellipse is 


LX, , Yi 
= + B ie 
If mm’=—6/o?, y=me and y=m'ex are conjugate 
diameters of the ellipse. 


155. Worked Examples. The following examples are 
applications of the theorems of the preceding section. 
Ex. 1. If parallel tangents at Q and Q’ on a central conic meet the 
tangent at P in T and T’, then 
PT.PTY=CD? and QT.Q'T’=CE?, 


where CD and CE are the semi-diameters parallel to the tangents at P and 
Q respectively. 


T 


Fic. 140. 


First, refer the figure to CP, CD as oblique axes of a, y (Fig. 140) ; 
let the equation of the conic be 
oe  ¥ 
ont GY 


and let the coordinates of Q, Q be (a, 7); (—%1 — 1): 
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The equations of Q7, Q’7” are 
1 4 7A] and 71,4 _ 1, 
age TEE: 


The common abscissa of 7, 7’ isa. Put-.c=a in these equations ; 
pee ays Bana Me +18 
oe pe. 
Therefore, since y=P7 in the first of these and y=P7" in the 
second, we have after multiplication, 
PT. Pr’ = - (1 Ba Hy, 
; Bp! at B2 
and therefore, dropping consideration of the sign, 
TP A= O9), 
Second, refer the figure to CZ, CQ as oblique axes of x, y; let the 


equation of the conic be gy? 
a2 tg 


Then the equation of 7’P7" is 
ty | Yn_4 


where «=CEH, B=CQ in this case. Let P be the point (7,y;). 


ast ee 
The ordinate of Tis B. Put y=6; we get : 
ora. 22” op ka Oe aes 
Teak B or QT. 73 1 B 
The ordinate of 7” is —8. Put y=—f£ in the equation of 7'P7"; 
we get 


ded DA ge! ee 2 We a 
qe it’ or QT". 33 Lae 
2 2 72 
Hence QT. QT. = ea 
so that OT. UT =02= CE, 


Ex. 2. If the chord PR of the conic 2r*/a2?—y%/b2=1 and the 
tangent at P are equally inclined to the axes and PA meet the axes 
at Y and g, then QP. Py=CD?. 


Let P be the point (wsec 6, b tan @) and let the equation of PR be 


put in the form L—asee 6_y—btan Cigar 


atanO ~~ —bsec@ CD 
according to Theorem 5. 
When y=0, r=P@; when x=0, r= Pg. 
Therefore PQ=CD. Cane ana Pq=-CD. Bakes 
sec 6 tan 6 
and therefore PQ.Pg=—CD? or QP. Pq¢=CD, 


§§ 155, 156] EXAMPLES ON DIAMETERS. 417 


Ex. 3. Tangents from a variable point 7’ meet a conic in Q and Q, 
and the tangent at the fixed point Pon the conic meets 7Q and TQ’ 
in # and #’; if PR. PR’ is constant, the locus of 7’ is a straight line. 

Refer the figure to CP and the conjugate semi-diameter as oblique 
axes of w and y; let the equation of the conic be 


72 as2 
ay, 


ot BE 


and let the coordinates of 7’ be (x,y,). 
The equation of the tangent-pair 7Q, TQ’ is 


Foe aye re xe eee YW ip 
(sett) (a ee bia 
Put z=a; PR and PH’ are the roots of the resulting quadratic in y. 


; y— (%1=%) a9 
Hence Pi Pit Casey: p?. 


Since PR. PL’ is constant, 7, is constant, so that the locus of 7'is a 
straight line parallel to the tangent at P. 


156. Asymptotes. Similar treatment may be applied to 


asymptotes. ' 
Put x=E+rcos@ and y=y+rsin8 
in the equations 
ioe i NES 
aR ae I teses (1) and alah SO ates canisters (2) 


We then get the quadratics , 
17)2 1 ay, 2 
72(on? sin ONE Onl ee 6 sin aaa =0 (3) 


a eB 


and ae t ie 
2( co 0 _ sin°0) 4 9p (E008 8 _258 \ 46-2 =0. (4) 
a 


az b2 az 62 
If (€, 7) is the middle point V of a chord QY of (1) and 
if QQ’ meet the asymptotes (2) in & and FR’, then 


VQ4+ VQ =0, 
8 ysin#d 
so that, by (3), Se wag 7p =0, 


and therefore, by (4), VR+VRh'=0, 


so that we have 


G.A.G. 2D 
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THEOREM 1. 


If the diameter CPV of a hyperbola meet the curve vn P 
and bisect the chord QQ in V, V is also the middle point 
of RR’, the intercept made on QQ by the asymptotes. 


If QQ’ move parallel to itself till V coincides with P, 
then we have, as in § 132, Theorem 6, 


THEOREM 2. 


The part of the tangent at P intercepted between the 
asynuptotes is bisected at P. 


THEOREM 3. 


Tf QY, a chord of a hyperbola, meet the asymptotes in R 
and R’, and the tangent at P parallel to QQ’ meet an 
asymptote in T, 

RQ.RY=hQ. QR =PT-=CP, 
where CP, CD are conjugate semi-diameters. 
, Proof. Let R be the point (€ 7) of equation (3); then 
2 
€-7=0 by (2), and 


1 
cos?@_sin2@ 


a .—*Oo 
Now tan @ is the gradient of QQ or CD; but the gradient 


of CD, by Theorem 4 of § 154, is b sec ¢/atan ¢, where P is 
the point ¢, so that 


POIRO 2 — 


cos’@__ tan’ sin’9 _sec*h 
= an =a 
az CO D2 b2 CD? 
Hence RQ. RY =CD. 


Since V is the middle point of both QQ’ and RR’ (Th. 1), 
RQ. QR’ = RQ. RY =CD?. 


When & coincides with 7, RQ. RQ’ becomes 7'P2. Hence 
the theorem is established. 
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If QQ’ is perpendicular to the transverse axis, 
RQ. RQ = RQ. QR’ =CB?; 
if it is perpendicular to the conjugate axis, 


RQ. RQ =RQ. QR =CA. 


EXERCISES L. 


1. Prove that the intercepts PG and Pg, made on the normal at 
P between P and the axes, are 


2 op and “OD. 
a b 


2. If @ is the eccentric angle of P,a point on an ellipse, prove that 

tan?9 = (CD? — b?)/(a? — CD®). 

3. If ais the angle which the tangent at P makes with the focal 
distance of ?, prove that sin ~=6b/CD. 

4, Prove that cos CPG=ab/CP. CD. 

5. If the diameter conjugate to CP meet the normal at P in F, 
prove that P?#’. PH=BC? and PF. Pgy=CA*, where G, g are the 
intersections of the normal and the axes. 

6. If CP, CD are conjugate semi-diameters of an ellipse, if CD 
meets SP at # and PL is the projection of PG on S/’, prove that 
(1) PH=CA, (2) angle P£@ is a right angle, (3) PL=CB?/CA. 

7. If the tangent at P on a hyperbola meet the asymptotes in 
L, L’, prove that PL=PL'=CD. 

8. If the tangent at P on a hyperbola is cut by any pair of 
parallel tangents in 7, 7”, prove that P7’. P7T’=CD*. 

9. If the tangent at P on a hyperbola is cut by any pair of 
conjugate diameters in 7, 7”, prove that PT’. PT’=CD*. 

10. The asymptotes of a conic are harmonically conjugate with 
respect to any pair of conjugate diameters. 

11. If 7?=4azr is the equation of a parabola referred to oblique 
axes of «, y inclined at an angle w, prove that the equation of the 
directrix referred to the same oblique axes is 

V+y Cos wo+a=0. 

12. The ordinates through a point P on a parabola of the diameters 
LV, L'V’ through the extremities LZ, L’ of the latus rectum are PV, 
PV’; show that VV?=4ZLL1’. SP. 

13. Prove that, if P and P’ are any two points on a parabola, the 


mean proportional between the distances of P and S from the tangent 
at P is half the distance between the diameters through P and P’. 


420 ANALYTICAL GEOMETRY. [CH. XXII. 


14, If the tangent at @ on a parabola meet the diameter PV in 7, 
prove that 7Q?=47P. SW. 


15. Using the equation QD?=4AS. PV for a parabola (§ 152), prove 
si (av+by +cP=Kpotqy tr) 


is the equation of a parabola, av+by+c=0 being the equation of a 
diameter and pv+qy+r=0 that of the tangent at its vertex. Find 
the latus rectum of the parabola. 


16. If O is the middle point of the chord Q@ of a hyperbola which 
meets the asymptotes in #, #’ and cuts any pair of conjugate diameters 
in K, K’, prove that OR? =OK. OK’. 


17. Prove that conjugate diameters of a rectangular hyperbola are 
equally inclined to each of the asymptotes. 


18. Two tangents to an ellipse are drawn parallel to the normal at 
a point P on the ellipse, and the normal is equally inclined to the 
axes. Prove that the semi-diameter parallel to these tangents is a 
mean proportional between the perpendiculars from P on the two 
tangents. 


19. Find the greatest value of the angle between a diameter of an 
ellipse of eccentricity e and the normal at its extremity ; and show 
that for the earth’s orbit round the sun, of which the eccentricity may 
be taken as 1/60, this angle is less than half a minute of are. 


20. Prove that, if PG, the normal at P to a parabola, cut the axis 
in G, the length of the chord drawn through @ parallel to the tangent 
at P varies as the focal distance of P. 


21. PR isa chord of a parabola such that PR and the tangent at P 
form an isosceles triangle with the axis; prove that PR is divided in 
the ratio 1:3 by the axis. 
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CHAPTER XXIV. 


GENERAL THEOREMS ON CONICS. CONFOCAL 
CONICS. CURVATURE. 


157. General Equation of the Second Degree. Before 
passing to certain general theorems regarding a conic, we 
shall find a general form for the equation of a conic, so 
as to save needless repetitions of proofs. Let (a,y,) be the 
focus and xcosa+y sin a—p=0, the directrix of a conic 
whose eccentricity is ¢; then the equation of the conic is 

(2—2,P+(y—y,P=e(x cosa+y sin a—p)? 

or (1—écos*~)a— 2e?sin a cos aay +y?(1—esin?a) 

— x(x, —e?p cos %)—2y(y,-@p sin a)+a72+y7—-ep?=0. 

The general equation of the second degree, namely 

an? + 2hay + by? + 292+ 2fy+c=0, 

denoted by f(x, y)=0 or S=0, represents any conic. If 
h?—ab> 0, it represents a hyperbola; for ax?+2hay+by? 
has then two real and distinct factors, and the curve goes 
to infinity in two different real directions. If h?—ab=0, 
it represents a conic going to infinity in but one real 
direction (or in two coincident real directions), that is, a 
parabola. Tf h*—ab<0, it represents a conic which does 
not go to infinity in any real direction, that is, an ellepse. 
We have already shown in Chapter XII. how to draw rough 
forms of the graphs of f(x, y)=0. 

Ex. 1. If f(x, y)=0 is a central conic, show that the coordinates of its 
centre are the solutions of ax+hy+g=0, hx+by E f= vi hy ie 

Let (7,, 4) be the centre of f(x, y)=0, and shift the origin to the 
centre ie v=E+a,, y=n+y,- The equation of the conic 


becomes 
ab?+ thn + by? + 26 (ax, + hy +g) + 2y (hay + by t/t Pr H1)=0- (1) 
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Think of (&, 7) and (—&, —7) as the two extremities of a diameter 
of the conic; then it is clear that (—&, —7) must satisfy (1), so that 


aft + 2hEn + by?—2E (ax, +hy, +9) —In(ho,+ bn +f) +fe n)=9. 2) 
Subtracting (2) from (1) and dividing by 4, we get 
E(axy thy, +g) + (hay t by AS) =O. ceccccceeeseceneres (3) 
Now (3) is true for all values of &, 7 belonging to the conic; therefore 
ax,+hy,+g=0 and har,t+by,+f=0. 
Ex. 2. The equation of a central conic referred to the centre as origin 
is found by writing & for x, » for y in the terms of the second degree 


and x,/2, y,/2 for x, y in the terms of the first degree, where (x,, y,) is 
the centre. 


Equation (1) of Ex. 1 gives the equation of the conic referred to its 
centre as origin. Since aa,thy,tg=0 and ha,+by,+f=0, it 
remains to prove that (7, 7) =29 (7,/2)+2/(y,/2) +e. 

Now 2,(a%+hy,+g)=0 and y»,(hv,+by;+f)=0; by addition we 
see that a2)? +2hayy,+ by +g92,+fy,;=0. 


To each add 2g (x,/2) + 2f(y,/2) +e ; 
then P(2ry 41) = 2g (#/2) + 27/2) +e. 
Ex. 3. Find the latus rectum and the equations of the axis and tangent 
at the vertex of the parabola 
Ke — Oxy 4 ¥? = 6S By 4-9 =HO, <a cc ccencppccnsersunnemse (i) 
We write (i) in the form 


a—y)=6x -2y-9, 
then in the form any ¢ 


(a —y + A}PP=24(3 +A) —Qy(1+A)+AIAD. ..coecccveeenes (ii) 
Next, we determine A so that the lines 


x-y+XA=0 and 2x(3+A)—2y(1+A)+2-9=0 


may be perpendicular. This gives ae —lorA=—2. 


+X 
Going back to (ii), we substitute A= — 2, and so get (i) into the form 
(ey = GPa 87+ So —B. .. crue rasan sguahioaser ted (iii) 
To compare (iii) with VWP?=448. 4 N (§ 125), 
we write it (59-2) 2) _./2 pan Bet 
2 Se tS ae 


Hence the latus rectum =,/2; the equation of the axis is «—y—2=0 
and of the tangent at the vertex 27+2y—5=0. The rough form of 
this parabola is shown in Fig. 84, p. 220, 


§ 157] REDUCTION OF GENERAL EQUATION. 423 


Ex. 4. Find the lengths and the equations of the axes of the ellipse 
Bx? — 4xy + 4y? — 20x+ By — 44=0. 0.0... ecccceesceecenes (i) 
Here a=5, h=-2, b=4, g=-10, f=4, c=—44, 
We first find the centre according to Ex. 1: 
anthy,+g=0 and hatby,+f=0 give «,=2, y,=0. 
Applying Ex. 2, we find for the equation of the ellipse referred to 


its centre as origin, (a laey Tie to tS acct ate (ii) 
The equation of a concentric circle, radius 7, is 
BP Siig eee ash ona Se Someta gh (iil) 
Multiplying (ii) by 7? and (iii) by 64 and subtracting, we obtain 
E2(572 — 64) — 4728 + 12(47? — 64) =O. creseevececevceess (iv) 


Equation (iv) gives two straight lines through the common centre 
and the intersections of (ii) and (iii). (Compare § 125, Ex. 3.) When 
7? is equal to the square of either semi-axis of (i), these two lines 
coincide, and then 


4yt = (57? — 64) (472-64) or 74-3672+256=0, 
giving PIB LOTT Or 198 — INET p sashco ls vais cane (v) 


These are the squares of the semi-axes. 
When the two lines (iv) coincide, (iv) may be written 


[&(6r2— 64) — 2rnP=0, 
so that 
when 72=18+2NV17, &(57?—64) — 2727 =0 is the major axis ; 
when 72=18—2V17, ‘ &(5r — 64) — 27°» =0 is the minor axis. 
Hence the major and minor axes are 
E(13+5V17)=2n(94+N17) and €(13-5V17)=2n(9-4/17) 
or, referred to the w and y axes, 
(w -2)(13 +5N17)=2y(9+N17) and (#-2)(13 —5N/17)=2y(9 -N17). 
The rough form of the ellipse is shown in Fig. 86, p. 223. 


Note. The same method applies to the hyperbola; one of the 
values of 7? in the equation corresponding to (v) will be positive and 
one negative ; the first is CA’, the second —-CZ?, The student may 
apply the method to the hyperbolas of $§ 91, 93. 


Ex. 5. The area of the ellipse whose equation is 
ax® + Qhay+by?=1 


is r/Vab—h?. 
Rotate the axes through an angle @ and put 


v=€cos@—nsin@ and y= sin 0+7 cos 0. 
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The equation of the ellipse referred to the € and 7 axes becomes 
BEA 4- DN Ent OPH, ...ccersseccesscererarecaesoos (i) 
where a’ =acos?6+2h sin 6 cos 6+b sin? 6, 
h'=(b—a)sin 6 cos 6+/(cos*@— sin? 6), 
b!=asin?9 —2h sin 6 cos 0+ cos? 6. 


We get (i) into the canonical form of the equation of the ellipse if 
we choose /’=0, 


Qh 
or (b—a)sin Ocos 6+/(cos?6—sin?@)=0 or tan 26= : F 
Equation (i) then becomes 
PEED PAL, occ cccestbepav as eeenne ees (ii) 
The semi-axes of the ellipse are therefore —_, aii and the area is 
therefore Ja” J 


ees 

V(ae') 
Now (p. 102, Ex. 20) a’b!=a'b’ —h'?=ab — h, as is easily verified. 
Therefore the area of the ellipse is z/,/(ab — h?). 
Ex. 6. Prove that the equation of a conic referred to the tangent and 

normal at a point as axes of x and y may be written in the form 
y =ax?+ 2hxy + by”. 

Also show that, if through a given point on a conic two lines at right 


angles to each other be drawn to meet the curve, the line joining their 
extremities will pass through a fixed point on the normal. 


Let Aa?4+2Hay + By? +2Ga4+2Fy+C=0 
be the equation of the conic. 

The conic passes through the origin ; therefore C=O. 

And the tangent at the origin is y=0; therefore «=O twice gives 
the roots of Az?4+2Gxr=0, so that G=O0. 

Hence the equation of the conic takes the form 

Ax? +2Hxy + By? +2Fy=0 

or y=(-A/2F) a? +2(- H/2F)ay+(- B/2F)7, 
which is of the given form. 


In the second part of the example, refer the figure to the tangent 
and normal at the point as axes of « and y; let the equation of the 


conic be y= an84 Bhay byt 


and let the equation of the line joining the extremities of the 
perpendicular chords through the origin be 


le+my=1. 
Then y (la + my) =ax? + Qhay + by? 
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is the equation of the pair of perpendicular lines through the origin. 
Since they are perpendicular 


a+b—m=0, 
so that /z+my=1 may be written in the form 
le+(at+b)y=1, 
which always passes through the intersection of =0 and (a+b)y=1, 
that is, through a fixed point on the normal. 


Note. If a+b=0, the conic is a rectangular hyperbola, and m=0. 
Hence the particular case: If through any point on a rectangular 
hyperbola be drawn two chords at right angles, the perpendicular let 
fall from the point on the line joining their extremities is the tangent 
to the curve at the point. 


158. Forms of the Conic. We have taken the general 

equation of the second degree, viz. 
an + Qhay + by? + 2ga+2fy+c=0 wcceceeee (1) 

to represent a conic. It follows that the term conic there- 
fore includes a pair of straight lines (which may be parallel 
or coincident) as well as a circle, parabola, ellipse or hyper- 
bola. And this is not surprising, for if the hyperbola 
a? /u? —y?/b?=1—2d is traced for varying values of A between 
0 and 1, it will differ very little from its asymptotes when 
r is all but 1, so that the hyperbola may be imagined to be 
“squashed” into a pair of straight lines which are its 
asymptotes; the hyperbola is said to degenerate into these 
lines. Similarly, a parabola may degenerate into a pair 
of parallel straight lines. To see the significance of the 
term conic if defined by equation (1), we must start from 
(1) and investigate its different forms. We shall give only 
the outline of the investigation. 

If h?==ab, we can shift the origin to the point (@,, y,) 
by putting w=€+a,, y=n+y,, where az,+hy,+g=0 and 
ha, +by,+f=0, and (1) will then take the form 


Dee en eat Rey 1) 
ag Bhd + byt = et ih a A LE at 


The expression abc+2fgh—af?—bg?—ch? is called the 
discriminant of equation (1); we shall denote it by D. 

If h?=- ab and D=0, we see from (2) that (1) will repre- 
sent two intersecting straight lines. 
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If h?==ab and D==0, equation (2) may be put in the 

form 
AS? 2H Ey By He cece cicsenateveen (3) 


We may, by rotation from € y axes to U, V axes, as in 
§ 157, Ex. 5, bring (2) or (3) to the form 


I RO a aganas senna tvecen teens (4) 


If y=0 and a, B have the same sign, then w=0 and 
v=0, so that (1) would represent a point, for example one 
of the limiting points of a system of coaxal circles. 

If y= 0, we see from (4) that (1) may be brought to the 
canonical form of the equation of the circle, ellipse or 
hyperbola. 

So far we have supposed that h?—ab-==0. If h?-ab=0, 
then (1) will either take the form, as in § 157, Ex. 3, 


(ae+ By ty) =k(Ba—Hy ts), -.cccsceeees (5) 
so that it represents a parabola, or the form 
(ne+ By +y)y=6, eee. needs venae (6) 


so that it represents a pair of parallel lines. 


159. General Theorems. We shall now give the main 
theorems regarding the general conic whose equation is 


au? + 2hay + by?+2ou+2fyte=0. oo... (1) 


THEOREM 1. 


If from the point P(a,, y,) a line of gradient tan 0 
be druwn to meet the conic (1) in Q and R, then PQ and 
_ PR ave the roots of the following quadratic in r: 


r?(a cos*0 + 2h sin 6 cos @+b sin?6) 
+2r {(ax,+hy, +) cos 0+(ha, +by, +f) sin 0} 
+ an? + 2hay, +by?+2ga,+2fy,+c=0. vc... (2) 


This equation is obtained by putting w=a#,+7cos 6, 
y=y,+r sin 6 in (1). 
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THEOREM 2. 
The equation of the tangent at the point (a,, y,) on the 
conte (1) as 
axe, +h(ay, +ay)+byy,+9(e+a,)+fly+y,)+¢=0. (3) 


. By expressing the condition that both roots of (2) are 
zero, we get the value of tan 6, the gradient of the tangent 


at (x,, y,), to be _ aa, thy tg. 
ha, +by,+f 
and the equation of the tangent is then y—y,=(«—a,) tan 0, 
which may be put in the form (3). 
THEOREM 3. 


The locus of the middle points of chords of the conic (1), 
which have a common gradient m, is the straight line 
whose equation is 

ax+thy+g+m(hat by +f )=0. ccc eees (4) 

If m=tan 9 and («,, y,) is a point on the locus, then the 

sum of the roots of (2) is zero, so that 


(ax, +hy,+g) cos 0+(hx,+by,+f) sin 0=0 
or ax, +hy,+g+mha,+by,+f)=90; 
hence (4) is the equation of the locus. 

THEOREM 4. 


If m, m’ are the gradients of a paw of conjugate 
diameters of the conic (1), then 


ath(m+m)+ bm’ =0. ..cccccceeceeeeee (5) 
For, according to (4), m’= —(a+mh)/(h+mb). 
THEOREM 5. 


The chord of the conic (1), whose middle point 1s (&,, Y,), 
is given by the equation 
(w—a,)(aa,+hy,+g)+(y—y,)(ha, +by, +f) =. ...(6) 
Put tan 0=(y—1,)/(—™) 
in the investigation of Theorem 3. 
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THEOREM 6. 
If the line joining the point T(a,, y,) to the point U(a, y) - 
meet the conic (1) in P,, Py, then the values of the ratios 
TP,|P,U, TP,/P,U wre the roots of the following quadratic 
im Xr: 
N2(aau? + 2hay + by? + 2gx+ 2fy +e) 
+2 {asta +h(wy, +ayy)t byy, +g(e+e)t Ty +) +e} 
+(av2+ 2ha,y, + by? + 29x, + 2fy, +6)=0. ...ceeeeeees (7) 
This is Joachimsthal’s Equation, and is found by proceeding 
exactly as in § 146. 
THEOREM 7. 


The equation of the pair of tangents from the pornt 
(x,, y;) to the conre (1) is . 


(aa? + 2hay + by? + 2gu+2fy +c)(ax,?+ 2ha,y, + 29a, 
+ 2fy,+¢) 
= {axe +h(ay, +a,y)+byy, +g @+a)+fly ty) +e}. (8) 
Proceed exactly as in § 147. 


Note. The pair of tangents from a focus of a conic 
satisfy the circular conditions, namely, the term in xy is 
absent and the coefficients of a, y? are equal. 


THEOREM 8, 
The polar of («,, y,) with respect to the conic (1) is given 
by the equation 
crater, + hay, + ayy) + byy, +g(@t+a,)+f (y+y,)+e=0. (9) 
Proceed as in § 148. 
THEOREM 9, 
The asymptotes of the conic (1) are given by the equation 
ax + 2hay + by? + 2ga+2fy +e 


abe + 2fgh — af? —bg? — ch? 
~ bas 5 =0. ...(10) 


- 
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If c’ be added to both sides of (1), we get 
ax? + 2hay + by? + 2gu+ 2fy+te+e =e. 

The left-hand expression is the product of two linear 
factors if 
ab(e+e’)+2fgh—af?—bg?—(c+¢)h2=0, 

,_abe+2fgh —af? —bg?—ch? 
C= = : 
h?—ab 

But each of the factors equated to zero gives an asymp- 


tote, hence the product of the factors equated to zero gives 
both asymptotes in one equation, and it is equation (10). 


that is, if 


160. Confocal Conics. A system of central conics having 
their foci in common is called a confocal system. 
The general equation of a system of conics confocal with 
the ellipse 2?/a?+ y?/b?=1 is easily seen to be 
pe y? 
a+r 
where A is a variable parameter ; because 
(?+A)—-(BP+A)=07—b? =a’, 
so that the foci remain fixed as ) varies. 
The following theorems are of interest. 


THEOREM 1. 


Through every point in the plane of the ellipse 
e/a+y"?/b?=1 two confocal conics can be drawn, one an 
ellipse and the other a hyperbola. 

Let (1) be the equation of a confocal through the point 
(x,, y,); then to determine A, we have the quadratic 

(A+a?)A+b?)—A+a2)y2—A+b?)a7=0. ......(2) 

Now the graph of the left-hand expression is a parabola 
whose concavity is upwards, and which crosses the A-axis 
since the value of the expression is (a?—6)x,”, a positive 
quantity, when A = — a”, and (b?—a*)y,’, a negative quantity, 
when A= —b%. Hence the roots of (2) are real, so that two 
real confocals pass through (a, y,). Further, if A, and A, 
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are the roots of (2), both a?+A, and a’+A, are positive, 
but 6?+A, and b?+ A, have opposite signs, so that one 
confocal is an ellipse and the other a hyperbola. 


THEOREM 2. 


The two conics confocal with the ellipse «*/a?+y?/b=1 
and passing through any point (a, yy) cut at right angles. 
For if \,, A, specify the two confocals, we have 


a, pay Ps ede 

1 B+, ah, Ph, 
oy -r,){ “ i, Yr | =0 
1a) ERE) FA OFA 


Since A,—A, == 0, we get the condition that the tangents 
at (#,, y,) on the confocals, namely 


Cy | YY. _ 8h, YY 
RAY nee 


are perpendicular. 


Oe We 


Ex. 1. Only one of the conics of the system confocal with 
a*/a*#+y2/b2=1 
can be drawn to touch a given line. 
Ex. 2. Variable parallel tangents to x?/a?+7?/b2=1 meet a common 


perpendicular in @ and AR, which again meets a parallel tangent to a 
confocal in P; prove that PQ. PR is constant. 


Ex. 3. Prove that the locus of the points of contact of tangents 
from a fixed point to a system of confocal conics is a cubic curve 
which passes through the point and the foci of the system. 


Ex. 4. Prove that y?=4A(#+A), where X is a variable parameter, 
represents a system of confocal parabolas. 


161. Freedom Equations of Conics. Let 
_aP+bite , _a®+bt+e as 
l?+mt+n lf@+mt+n es ( ) 
be freedom equations of a curve, then the curve is a conic; 


because the curve given by these equations meets any line 
Ax+By+C=0 in two pots, (See IV,, p. 290.) 
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If /t?+ mt+ 7 has real and distinct factors, the conic goes 
to infinity in two real and distinct directions, so that (1) 
represents a hyperbola if m?—4ln > 0. 

If l#?+mt+n has a repeated factor (t(—a)%, in other 
words if /#?+mt-+n is a perfect square, the conic goes to 
infinity in one direction, so that (1) represents a parabola 
if m?—4ln=0. In this case, by putting ¢ for 1/(¢—«), we 
get the form used in Ex. 2 below. 

If /?+mt+7 has imaginary factors, the conic is a closed 
curve, so that (1) represents an ellipse if m?—4in <0. 


Ex. 1. Find the asymptotes of the conic whose freedom equations 
og eee et 24+3t+2 ( 
G1) —2y I= Ga1)\¢—2) REO sitesalesinewed i) 


Let /x+my=1 be an asymptote ; then /x+my=1 touches (i) where 
a“, y are infinite, that is where ¢=1 or t=2. 


Hence 1(2¢?-—¢+1)+m(??+3¢+2)=(¢—1)(¢—-2) 
or 2(2l+m—1)—t(l—38m—3)+(l4 2mM—-2)=O  wecscseeeee (ii) 


is a quadratic in ¢, whose roots are t=1 twice or t=2 twice. 
If the roots of (ii) are ¢=1 twice, 


W+m—1=l+2m—2 and l—3m—3=2(2l+m-—1), 


so that 7= — 3/4, m=1/4 and the asymptote is 37—y+4=0. 
Tf the roots of (ii) are t=2 twice, 


1—3m—3=14+2m-2 and J—3m—3=4(2/+m-1), 
so that 7=12/35, m= —1/5 and the asymptote is 12% —7y=35. 


x 


Ex. 2. Prove that the equations 
v=a+bi+e, y=dP+bt+e 
represent a parabola whose latus rectum is 
(ab’ — aby 
(a?+a)2 : 
Solving the given equations for ¢, ¢, we find 
_Ua—by+be' — Be ee —ad —Wwaet+ oy 
ab’ —a’b ab’ —ab 
so that the constraint equation of the locus of (x, ¥) is 
(a'a — ay +.ac’ —a'c)’=(ab' — a'b)(b'x— by + be! — Be), 140000 (i) 


and this represents a parabola ; av—ay+ac'—a'c=0 is a diameter of 
the curve and b’r—by+bc' —b’c=0 is the tangent at the extremity of 
the diameter. 


2 
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Comparing equation (i) with the equation 
OD?=4AS.PV 
of § 152, we see that the latus rectum 44S is 
fol OE) ac? alte, 


a?+a’2 


where @ is the angle between the diameter and the tangent. 
Now 


ab’ —a'b : ab’—ab 
tan C= we and therefore ye = Wa +a) (240% 
so that the latus rectum is Cos L97" 
(a2-+a)8 


Ex. 3. Prove that 
2=acos0+bsinO+e, y=a' cos6+0'sin +e 


are freedom equations of an ellipse. 
Solve for cos @ and sin 6, then square and add. Or put 2¢/(1+¢) for 
sin 6 and (1 —2?)/(1+@) for cos 6. 


Ex. 4. Draw the conics specified by the following freedom equations, 
and state the nature of each : 


. 2 1+2 2 
(i) naa y=>a} (ii) w=22-5t+2, y=3t?+t-2; 
2¢2—9¢+9 _ t(5—2é) | @—t+1 @—3t+2 


(iii) ane PE be, Y= (e—-1p ? (iv) ar Se a Le came aE SE ie 
Ex. 5. Prove that the gradient of the tangent at the point ¢ on 
the parabola Pees 149 Fist 
r=a+Qbi+e, y=a+2bt+c 
is (wt+0’)/(at+6), and find the value of ¢ for the vertex. 


EXERCISES LI. 


1. Trace the conics specified by the following equations, giving 
the axes and their equations when the conic is an ellipse or hyperbola, 


and the latus rectum and the equations of the axis and the tangent at 
the vertex when the conic is a parabola. 


(i) Qa? + y?=Qaxy + Qy ; (ii) 62? -—ay—y?-—x7+3y+2=0; 
(iii) 32? —Qxy + 3y?=32 ; 

(iv) 1327+ 28xy —8y?—10z—20y+61=0; 

(v) 7x? — 48xy —Ty?+110a—20y+100=0 ; 

(vi) 94? + 6ay+7?+2v+3y+4=0; 

(vii) 5a*— 4ay+8y?— 6x —12y—36=0; 
(viii) 9a*+ 16y? — 24xy — 50x — 100y +225 =0; 

(ix) y?—4ay — 5x? + 6y + 427 —63=0. 
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2. Trace the conic 


(545-1) -(2-1) (G4). 


showing ite relationship to the lines v=a, y=, w/a+y/b=1. 


3. Prove that the conics 
2 —y—4e+2y+2=0, 2°+4+3y?—4¢-6y+4=0 
cut orthogonally at each of the four points of intersection. 


4. Find the condition that the lines a’x?+2h'xy+b'y?=0 may be 
conjugate diameters of the conic ax?+ 2haxy+ by?=1. 
Prove that the equation of the equi-conjugate diameters is 


(a? — ab+2h*) x? + 2h(a+b) avy +(b? — ab+ 2h?)y2=0. 
5. Find the directrix and coordinates of the focus of the conic 
u*+2ary+y? —32+6y—4=0. 
6. Prove that the directrix of the parabola 
g=at+2bi+e, y=ad?+2t+c 
is anz+a'y=ac+a'e —b?—b. 
‘7. Find the latus rectum, the equation of the directrix and the 
equation of the tangent at the point ¢ on the parabola 
v= sina+2at+b, y=Pocosa+2a7t+0’. 
8. If the equation of a conic is 
an? + 2hay + by?=1, 

prove (1) that the squares of the semi-axes are given by the following 


equation : oat 
Pr ae ~a(a+b)+ab —h?=0 ; 
and (2) that the positions of the axes are given by the equation 
1 
(a - J )ethy=0. 
9. If the lire-pair az?+2hxy+by?=0 represents the asymptotes of 


a hyperbola, find the equation of the pair of axes. 


10. Find the equation of the conic passing through the origin and 
having the same asymptotes as the conic 


an + Qhay + by? + 2gx + 2fy +e=0. 
11. Prove that the latus rectum of the parabola 
(av-+ By+2g0+ fy +e=0 
is 2(a.— Bg)|(o2-+ B?)*. 
Also prove that the equation of the axis is a#+ By+A=0, where 
A=(ag + BAO? + B°). ais 


G.A.G, ad 
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12. Prove that the gradient at the point (x, y) on the parabola 
(a+ By)? + 2ga'+ 2fy +e=0 
is — (at aByt+ g)(oPpar By tf), 


and that the equation of the axis may be formed by equating this 
expression to B/a. 


13. If m is the gradient at the point P on the conic 
au + Lhay + by? +2ge7+2fy+e=0, 
whose centre is C, prove that the equation of CP is 
ax+hy+g+m(hit+ by+f)=0. 
Deduce that the axes are given by the equation 
hX?—(a—b)X Y—hY?=0, 
where X=av+hy+g, Y=het+by+f. 


14. Ifa conic is given by the general equation of the second degree, the 
eccentricity e is given by the equation 
(a—b)?+ 4h? 
‘4 pS ee Sn ee 
Lae cere at 


e?—1)=0. 


15, From the fact (§ 159, Theorem 7, Vote) that the tangents to a conic 
from a focus satisfy the conditions for a circle, prove that if f(x, y)=0 is 
the general equation of a conic, the foci are the points given by 


i hee 


where X=ax+hy+g, Y=hx+by+f. 


162. The Rectangle Theorem. The Rectangle Theorem isa 
general theorem for the conic which has many applications. 


If two variable secants of a conic whose directions are 
ficed cut the conic in P,Q and P’, Q and intersect in O, 
then OP OQ 

OP’. OY 
as constant for all positions of O. 
We shall use the general equation f(a, y)=0 or 
an? + Zhay + by? + 2ga+ fy +c=0 ....c.cecee. (1) 
for the equation of the conic. 


Let (€, 7) be the coordinates of O and let x=€+r cos 6, 
y=n+rsin@ be the equations of OPQ. Substitute these 
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values for x, y in (1) and arrange the result as a quadratic 
in 7, thus: 
r*(a cos?@ + 2h sin 6 cos 8-+56 sin?0) 
+.2r {cos O(ae-+hy-+g)-+sin O(hE+n + fy} +f(E 1) =0.(2) 
OP, OQ are the roots of this equation, so that 


ey IE 7) 
Oa a cos?@ + 2h sin 8 cos 0+ b sin2@ @) 


Now let «=€+7' cos 0’, y=n+r'sin@ be the equations 
of OP’Q’; then 


‘<> he 7) 4 
es a cos?’ + 2h sin 6’ cos 0+) sin?@” (4) 


From (3) and (4) we get 
OP.OQ _acos’*’+2h sin 6 cos 6+) sin2@’ & 
OP’. OQ acos?@+2h sin 0 cos 0+6 sin? 


Now the directions of OPQ, OP’ are fixed so that 
tan 0, tan @ being the gradients of OPQ, OP’ are fixed; 
hence the right-hand side of (5) is constant, so that 


OP. 0Q/OP’. O is also constant. 


163. Examples on the Rectangle Theorem. We shall now 
work some examples on this theorem. 


Ex. 1. If VQ is an ordinate of the diameter PCP’ of a conic and if CP, 

CD are conjugate semi-diameters, then 
pS OVS cD! 
PV.VP’ CP? 

Let QV, CD (Fig. 119) meet the conic again in 9’, D’; then DCD, 
QVqQ have the same direction, and PCP’, PVP are in the same 
direction. Therefore 

Ve. Ve CD.cD a QV? = 

VER CPR OR PV.VP’ ~ CP” 
the upper sign holding for an ellipse and the under sign for a hyperbola 
according to our use of CD for the hyperbola (§ 154). These 
equations are the equivalents of Bo2+y/P=1, 2/02 -y*/B?=1 of 
§ 154, Theorem 7. 


436 ANALYTICAL GEOMETRY. [CH. XXIV. 


Ex. 2. Let PQ, PQ’ be two chords of a conic intersecting at 0; let op 
and op’, CD and CD’, LSK and L’SK’ be pairs of tangents, semi-diameters, 
and focal chords parallel to OPQ, OP’Q’ respectively ; then 


OP.0Q op? _ cD? SL.SK_ LK 
OP’.0Q’ op? CD? SL’.SK LK’ 

Let OPQ, OP’@ (Fig. 141) move, keeping their directions fixed, till 
P, Q coincide at p, and P’, Q@ coincide at p’, then O will coincide 
with 0; OP.OQ becomes op? and OP’. OQ! becomes op. Hence by 
the Rectangle Theorem OP. 0Q/OP’. OQ! =op?/op”. 


Fic. 141. 


Now let PQ move so as to keep its direction fixed till it coincides 
with the CD-line, and let /”Q’ move into coincidence with the CD’-line ; 
then O becomes C, so that OP. 0Q/OP’. OQ’ =CD2/CD”. 

Tt will be clear that by moving 0 into the position of the focus S, 
OP. 0Q/OP’. OY =SL.SK/SE.SK’. Now 1/SL+1/SK=2/l (p. 338), 
where / is the semi-latus rectum ; hence SL. SAK/SL’. SK’=LK/L’K’. 


Ex. 3. To prove the theorem, for a parabola, that 
QV2=48P. PV, 
by using the Rectangle Theorem. 
Let the tangent at P (Fig. 142) meet the axis in 7 and the parallel 
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through @ to the axis in R; let V, @ be the feet of the ordinate and 
normal at P. 
Then RP? = TP” or Adee es 3 
RQ.Ro TA.To iP Viger Ae 


because Raw / 7’ =1, since RQ and 7A are parallel. 


R_Q 


N G 
Fic. 142. 


But TA=AWN and ST=SP=SG'; therefore 


TP?=TN.TG=2TA.28P or a =ASP. 
72 
Hence RAST Fe or QV2=4S8P. PV. 


VEE 


Ex. 4. Discuss the application of the Rectangle Theorem to the 
asymptotes of a hyperbola. 

Let CPV in Fig. 127 be a diameter of a hyperbola which bisects the 
chord QQ’ at V, let the tangent at P and YQ’ meet the asymptotes 
in 7, 7’ and R, R’, and let C/) be the semi-diameter conjugate to CP. 

Then CTR meets the curve at infinity, so that 


ea D2 ; r 
Poi Cor 8 PT=CD since To /Co =1. 
Similarly P7’=CD, and therefore the tangent 7'7” is bisected at P. 
RQ.RY TP? 1_ mp2 ne 
Also Ppt sigs wk TEOMA IY =I MEA OND 
Since 77” is bisected at P, RR’ is bisected at V, so that also 
RO-OR=PT7=CD. 


Ex. 5. If a conic cut the sides BC, CA, AB of a triangle ABC in P, and 
P,, Q, and Q), R, and R, respectively, then 


(F,)(P2)(Q)(Q2)(Bi)(Rz)=1, 


where (P,), etc., stand for BP,/P,C, etc.; and if a conic touch the sides of 
the triangle at P, Q, R respectively, AP, BQ, CR are concurrent. 
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If A, B, O have coordinates (x17), (%2%2), (#33) and the equation of 
the conic be f(z, y)=0, then 
BP,. BP, _ f(%2) Yo), CQ, - OQ, _ Ss, Ys), AR. AR, _ f(%, 1) ; 
CP,.CP, f (#3, Ys)’ A@:-4@2 M(@1, 41)’ By. BR, f@2; Ye) 
hence, multiplying up, we get (P,)(P2)(@1)(Gs)CR,)(R2) = 1. ‘ 
If P, and P,, Q, and @,, 2, and #, coincide at P, Q, R, the conic 
touches the triangle at P, Y, A, and 
BP OP AR_, ,, BP OQ AR_ 
PC? QA? RB PC O04 EB 
If the negative sign holds, P, Y, & are collinear by Menelaus’s 
Theorem, and a line would cut the conic in three points, which is 


+4: 


impossible. Hence —* .—_=—+],and AP, BQ, CR are concurrent 


by Ceva’s Theorem. 


164. The Intersections of a Conic and a Circle. Circle of 
Curvature. The intersections of a conic and a circle are of 
special interest, and their properties are easily investigated 
by means of the Rectangle Theorem. Let a circle cut a 


conic in P, Q, P’, Q (Fig. 143), and let PQ, P’Q’ meet at O. 
Q 


Fic. 143. 


Let CD, CD’ be semi-diameters of the conic parallel to 
OPQ, OP'Y. Then 

OL WY] CLF 

OPA aD 


But OP.OQ=O0P’.0Q’; therefore CD=CD’. Hence CD, 
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CD’ are equally inclined to the axes of the conic, so that 
OPQ, OP’ are also equally inclined to the axes of the 
conic. (In the case of the parabola, or indeed any of the 
conics, we may substitute the ratio of parallel focal chords 
for CD?/CD”, with the same result.) 

Hence the important theorem: The lines joining the 
points of intersection of u conic and a circle, taken in pairs, 
are equally vnclined to the axes of the conic. If the centre 
of the circle lies on the normal at P to the conic and the 
circle passes through P, the circle will touch the conie at P, 
the line joining the pair of intersections at P becomes the 
tangent at P,so that the tangent at P and the line QR 
joining the other points of intersection of the circle and 
conic are equally inclined to the axes. If the centre of this 
circle move on the normal at P till Q also coincides with P, 
then three of the intersections of the circle and conic 
coincide at P, and the circle and conic cut elsewhere at R. 
In this case the tangent at P and the common chord PR of 
the circle and conic are equally inclined to the axes of the 
conic (Fig. 144). This circle is the circle of curvature ; 
it lies closest of all circles to the conic at P; the centre and 
radius of the circle are the centre and radius of curvature. 
Hence the following important theorem: To construct the 
circle of curvature at a point P on a conic, draw the 
tangent PT at P (Fig. 144), and through P draw a second 
line cutting the conic again in Rk 80 that PT and PR 
form an isosceles triangle with the ais of the conic; the 
circle touching PT at P and passing through R is the 
circle of curvature. PR is called the (common) chord of 
curvature at P on the conic. 


165. Worked Examples on Curvature. In the following 
examples the properties of the circle of curvature of a conic 
are investigated. 


Ex. 1. The length of the common chord of curvature at a point 6 on 
an ellipse is 2CD sin 20, 
CD? 
ca 

Let PR (Fig. 144) be the chord of curvature and P7 the tangent 
at P. 


and the radius of curvature is 


440 ANALYTICAL GEOMETRY. (CH. XXIV. 


Then, according to Theorem 5, § 154, we may write the equation 
of PA in the form 


a—acos@_y—bsin@_ 7 _» 
asn6 bcos? CD 
so that v=a(cos6+ksin 8) and y=b(sin 6+k cos 6). 
If x, y are the coordinates of 2, then «?/a?+y?/b?=1 ; therefore 
(cos +k sin 6)? +(sin 6+ cos 6 =1, 
so that k24+4ksin@cos6=0, or k=—2sin 26, 


by dropping the zero value of £. 


Therefore oi =—2sin20 or PR=2CDsin 20. 


Fig. 144. 


Let PX be the diameter of curvature ; then 
— sin PKR=sin tPR=sin 2PTC=2 sin PTC. cos PTC. 


Now, from equation (1), sin P7’C and cos PTC are numerically equal 
to bcos 6/CD and asin 6/CD respectively, and therefore 
PR _,» cos @ asin@ absin26 
PES web) eee ar Ce. 
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But PR=2CDsin 24; therefore 


or the radius of curvature is equal to OD3/ab. 


Ex. 2. The chord of curvature through the centre of the ellipse is 


Let PCU (Fig. 144) be the chord of curvature through CO and PK 
the diameter of curvature. 


Then PU=PK cos KPU=PK sin PCD. 
But PK=2CB/ab and CP.CDsin PCD=ab; 
therefore PU= _. 


Fiaq. 145. 


Ex. 3. The length of the common chord of curvature at a point P ona 
parabola is 4PT, the length of the chord of curvature parallel to the axis 
is 4SP and the radius of curvature is 28P*/SY. 


Let PP” (Fig. 145) be the double ordinate through P; then 7'P’ is 
the tangent at P’. Let PA be the common chord of curvature; then 
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TP’ is parallel to the chord PR. Hence the diameter through P’ 
bisects PR, so that PR=4PT. 
If PH is the chord of curvature parallel to the axis, the triangles 
HPR, SPT are similar ; but PR=4P7, therefore PH=4SP. 
If PK is the diameter of curvature, the triangles A’?H and PSY 
are similar ; therefore 
PEPE 48 P? 
SP S¥ ‘AGS 
166. Contact of Conics. Systems of Conics. The circle of 
curvature is an example of one conic having three-point 
contact with another. We proceed to discuss this and 
other kinds of contact of two conics. 


Fig. 146. 


Let S stand for ax*+2hay+by?+2gr+2fy+c, so that 
S=0 represents a conic, which will be referred to as the conic 
S. Let P, L, M be linear functions of 2, y, so that P=0, 
L=0, M=0 represent straight lines, which will be referred 
to as the lines P, Z, M. The intersections of P with 
Land M will be denoted by (P, L), (P, M). 

Let Z and M be tangents to the conic S, let P be the 
chord of contact, and let us consider the contact of S=0 and 


Ser JA mi eraotantauaes sf) 
where A is a variable parameter. 
The equation (1) represents a conic, since it is of the 
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second degree in wy. The solutions of S=0 and S=r. LM 
(1) regarded as simultaneous equations are the same as 
those of S=0 and Z=0 together with those of S=0 and 
M=0. The solutions of S=0 and L=0 give the point 
(P, L) twice, since L touches S; and the solutions of S=0 
and M=0 give the point (P, M) twice, since M touches SB. - 
Hence S meets (1) at (P, LZ) twice and (P, M) twice; so 
that S and (1) have Z and M for common tangents; S and 
(1) are said to have double contact. The dotted curve 
in Fig. 146 represents (1). 
Again consider the contact of S=0 with the conic 


re ag Fl ac Hee ee (2) 


Fig. 147. 


The simultaneous solutions of S=0 and S=A.PL are 
those of S=0 and P=0 with those of S=0 and L=0; 
the first of these gives (P, LZ) and (P, M), the second gives 
(P, L) twice. Hence S meets the conic (2) at (P, L) thrice 
and at (P, M) once. S and (2) have three-point contact 
at (P, L); they are said to osculate at (P, L); the: circle 
of curvature is an example. The dotted curve in Fig. 147 
represents a conic osculating S at (P, L). 


Ex. 1. Find the equation of the circle of curvature at the point 6 on 
the ellipse x*/a?+y?/b?=1. 

Let L be the tangent to the conic at 6 and let P be the common chord 
of the circle and conic. We know that Z and P are equally inclined 
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tothe major axis and that the equations of Z and P may therefore be 
written in the forms 


bier : bcos 0 
woos 0, ysinO_, and y—bsin 9=—_A(«@—acos 0), 


or bxcosO+aysin@—ab=0 and brcos 6—aysin 6—abcos 20=0. 
Substituting accordingly in(2), we get 


2° 478 é : 
cad —~1=)(ba cos O—ay sin 6 — ab cos 20)(bx cos 6+ ay sin 6—ab)...(i) 
a 
as the equation of a conic having 3-point contact with the ellipse at 
the point 6. ; : 
~It remains to determine A so that equation (i) may represent a 
circle. Now the terms in wy vanish from the equation whatever be 
the value of X ; the coefficients of x? and 7? are equal if 
1 1 : b? a? 1 a 
= db? cos?O = wat Aa@?sin2?@ or A=- 2b?” Gain®O4 Blood” ...(ii) 


Hence the equation of the circle of curvature is got by substituting 
in (i) the value of X given in (ii) ; we get finally 


2 __ fp2 
w+y-29—" wcosth +2 


2_ pe 
aah .y sin?9 = (2b? — a) cos? 


+ (2a? — b*) sin. 


Next consider the contact of S=0 with the conic 
Si Peo oe oedian Oh eee (3) 


The simultaneous solutions of S=0 and S=A.P? are 
those of S=0 and P=0 twice over, that is (P, Z) and 
(P, M) twice over. Hence (3), like (1), represents a family 
of conics having double contact with S at (P, LZ) and (P, M). 
The dotted curve of Fig. 146 would also represent (3). 


Ex. 2. A point moves so that the tangent from the point to a fixed 
circle bears a constant ratio to the perpendicular from the point to a 
fixed line; show that the locus of the point is a conic which touches the 
circle at the points of intersection of the line and the circle, and that 
the eccentricity of the conic is the value of the constant ratio. 

Let «+7?=r" and «=k be the equations of the line and circle, and 
let A be the constant ratio; then the defining condition gives as the 
equation of the locus 


Pal 98m Nar EY, oo. cote Retna eee (iii) 
which, according to equation (3), represents a conic having double 


contact with the circle 2°+y?—7?=0 at the points of intersection of 
the circle and the line x -—4=0. 
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To show that A is the eccentricity of the conic, we write (ii) in the 
canonical form: we get 
| be ve y? AMP 472 AAS 
(0+, USA ial ac aloe 
Hence, if e is the eccentricity, 
e?=1-(1—A2) or e=xX. 


Ex. 3. To find the equation of the pair of tangents to a given conic 
from a given point. 

Let ax°+ 2hay + by? + 2gax+2fy+c=0 be the given conic and (2,, y;) 
the given point. 

By equation (3), 
ax? + hay + by? + 29x + fy +e= axe, +h (xy, + my) + byy,+9(e+2;) 

+fy+y)+o? (iv) 

represents a conic having double contact with the given conic at the 
intersections of the given conic and the polar of (7, 7;). 

But the pair of tangents from (2, y,) is such a conic, which also 
then passes through the point (7, y,); A is thus determined by 
putting x,, y, for x, y in equation (iv). We get finally 


(ax? + Qhayy, + by? + 2ga, + 2fy, + ¢) (au? + Lhay + by? + 2gax + fy +) 
={ara, +h(ry, + ay)t byy+g(e+a)t+flyty) te} 


We next consider the contact of the conie S with the conic 
PES UE ope in, 20, eS (4) 


The simultaneous solutions of S=0 and S=). L? are 
those of S=0 and L=0 twice over, that is (P, L) four 
times. SS and (4) are said to have 4-point contact at (P, L); 
the dotted curve in Fig. 148 represents (4). 

2-point, 3-point, 4-point contact are often spoken of as 
contact of the first, second, third order. 


Ex. 4. The locus of the centre of a variable conic having 4-point 
contact with a fixed conic at a fixed point on it is a straight line. _ 

Refer the fixed conic to the tangent and normal at the fixed point 
on it as axes of wand y, and so write the equation of the fixed conic 
in the form y=an2 + 2hay + by. 


Then, by equation (4), 
oy — a? — Dhany — byP HAY? ...cersecerevverenneerernes (v) 
is the equation of the variable conic. 
For the centre of (v) we have 
axt+thy=0 and 2h«+2(b+A)y=1, 
so that the locus of the centre is the line av+hy=0. 
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Now take any three lines L, M, P and consider the 
equation Pein Li tea ore (5) 


Clearly (5) is a conic; L=0 meets it at (P, L) twice and 
M=0 meets it at (P, M) twice, so that (5) represents a 
variable conic touching. Z and M at (P, L) and (P, /). 


Fie. 148. 


Let S=0 be this conic; then the equations S=0 and 
P?=).LM represent one and the same conic. Hence 


A conic may be defined as the locus of a point which 
moves so that the square of its distance from one of three 
fiwed straight lines is proportional to the product of its 
distances from the other two; these two are tangents to the 
conic, and the remaining line is their chord of contact. 


Ex. 5. Find the equation of the parabola which touches the axes of 
x and y where the line ax+by=1 meets them. 

Equation (5), P?=ALM, gives any conic which meets the lines 
L, M twice at each of the points (P, Z), (P, M). Hence the equation 
of the parabola (Fig. 149) may be written 


Ch OF TP EER oye Veediks. ROG Pete en (vi) 
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This equation represents a parabola if the terms of the second 
degree forma perfect square ; therefore 


aa + (2ab— d)ay + b2y? 
is a perfect square, so that 
(2ab—)?=4a7b? or A=4ab, 
since the value A=0 gives the pair of straight lines (av+by—1)2=0. 


Y 


Ok Xx 
Fig. 149. 


The equation of the parabola is therefore, by (vi), 
(ax+by—-1y=4abry or art+2Nabry+by=1, 
which may be written  /(ar)+,/(by)=1. 


Finally, take any four lines L, M, P, Q and consider the 
equation Perey ae oe ae a a (6) 


It will now be clear that (6) represents a conic which 
passes through the four points (P, LZ), (P, M),(Q, L), (Q, 1). 


Ex. 6. Show that in general a conic can be drawn through five 
points, and a one-fold infinity of conics through four points, and that 
the locus of the centres of these is a hyperbola. 

Let A, B, 0, D be four points. Choose axes so that A, B lie on the 
a-axis and C, D on the y-axis, and let the coordinates of A, B, C, D be 
(a, 0), (b, 0), (0, ¢), (0, d) respectively. 

Then, by (6), the equation 

#4 -7\(2491) = eee (vii 
(2 (e42 La) = NEo yee rwaeese eee ay (vii) 
represents a conic through 4A, B, C, D for all values of X. 
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The coordinates of a fifth point # will serve to determine A so that 
one conic can be drawn through A, B, OC, D, #, while a one-fold 
infinity of conics can be drawn through A, B, C, D, one conic for each 
value of A. 

For the centre of (vii) we have 


2 pees hs ere 
5,.0+(S+5 d)y (1+5)=0, 


2 


Lee ye oe (= Ly 
(Satie )# taxa (ota) =% 
go that the locus of the centre is given by the equation 


2, 2 Leal 1 “ 
a 2 4a yee es ae ee) = 
ab ene (545): (S43 ¥ 


which represents a hyperbola passing through the intersections of AB 
and OD, AC and BD, AD and BC. 


EXERCISES LIT. 


1. 7 is a variable point on the tangent at P on a parabola, and 
the diameter through 7’ meets the curve in @; show that 7? is 
proportional to 7'Q. 


_ 2, PQisachord of a parabola, and the diameter through #, a point 
in PQ, meets the curve in V and the tangent at P in 7'; show that 


TOO R= Pies lee). 


_ 8. Cis the centre of an ellipse, PCP’ and DCD’ a pair of conjugate 
diameters. PHP’ is a semi-circle on PCP’ as diameter, MQ is an 
ordinate of POP’, and MR and CE, each perpendicular to PCP’, meet 


Ce aie in & and £ respectively ; show that QA is parallel 
to s 


4. Two conics, whose centres are ( and C’, cut in four points. 
CA, CB and C’A’, C’B’ are the semi-diameters parallel to a pair of 
common chords. Prove that 4A’, BB’, CC’ are concurrent. 


5. Parallel tangents at Q, Q on a conic meet a third tangent 
drawn at P on the conic in 7, 7” respectively ; show that 
ee ti 
Pye a 7 ald 
6. Two conics S;=0 and §,=0 intersect in four points A, B, 0, D; 
show that the equation of any conic through A, B, C, V can be written 
in the form S,;=48,. If R is a variable point on a third conic through 
A, B, C, D, and a line through & parallel to a fixed direction meet 


S, in Pj, Py, and S, in Q, Q., prove that RP,. RP,: RQ,. RQ is a 
- constant ratio. P p 


7. If 7P, TQ are tangents to an ellipse, and the normals PG, QK 
meet the axis at G, A, prove that 7P/Pu' = 7Q/QK. 


§ 166] EXERCISES LII. , 449 


8. The foot V of the ordinate of a point 7 on a parabola is the 

centre of the circle of curvature at its vertex. Prove that the centre 
of the circle of curvature at P lies on the parabola. 
_ 9. Prove that the focal chord of curvature at any point of a conic 
is equal to the focal chord of the conic parallel to the tangent at that 
pomt. : 
10. Prove that the common chord of a parabola and its circle of 
curvature at any point constantly touches another parabola having 
the same vertex. 

11, If the radius of curvature at P on an ellipse is twice PG’, where 
G@ is the point where the normal at P meets the axis, prove that 
CP=CS. 

12. Find a point on a parabola at which the focal chord of curvature 
is also a chord of the parabola. 

13. Show that the locus of the second point of intersection of the 
normal at P to the parabola y?=4ar with the circle of curvature is 
the curve 12507? =4(x—4a)(2x- 3a)’. 

14, If O is the centre of curvature for the vertex A of an ellipse 
and the normal at P meets the major axis in G, then GA, CA and the 
perpendiculars from O and C on the tangent at 7 are proportionals. 

15. O is the middle point of PQ, the normal chord at P to a 
rectangular hyperbola ; show that O is the centre of curvature at P. 

16. Prove that the chord of curvature through a focus of a coni¢e 
is 2CD?/CA, where CD, CP are conjugate semi-diameters and /P is the 
point of contact of the circle of curvature. 

17. If PR is the chord of curvature at the point P on an ellipse 
whose eccentric angle is 6, prove that — 36 is the eccentric angle of R. 

18. If 7 and 7 are the chords of curvature at the extremities of 
CP, CD, a pair of conjugate semi-diameters of the ellipse 

Pae+y/P=1, 
prove that 72472 =4(a? +b?) sin?26, 
where 6 is the eccentric angle of one of the extremities of the semi- 
diameters. 

19. If two tangents O7, OT" are drawn from the point (f, g) to 
the ellipse x*/a?+7?/b2=1 and d, d’ are the parallel semi-diameters, 
show that OT? OT f2 g? 

To orees 

20. If A and B be points on the axes of and y such that OA=a, 

OB=b, prove that the equation 

ay +( Bat Cy)(2/a+y/b—1)=0 
represents a conic circumscribed about triangle OAB, and that 
Br+Cy=0 is a tangent to the conic. Determine Band C'so that the 
conic may become the circle OA B. 


G.A.G. ZF 
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21. Prove that the equation of a parabola which touches the two 
straight lines aa®+2hry+by2=0, where they are cut by the line 
lx +my+1=0, is ; 


(aa? + 2hary + by?) (am? — 2hlm + bl?) =(ab — h?) (la +my +1). 


22. The equation of the family of conics inscribed in the rectangle 
formed by the lines r+a=0, y+ b=0 is 


area Y 4 3 
tga ita. = ee =) 
Prove also that the locus of the foci is z7-—y?=a* — 6”. 


23. Show that a conic may be defined as the locus of a point P such 
that OP? is proportional to PM. PN, when O is a fixed point and Pi, 
PN the perpendiculars from P on two fixed straight lines. 


24, If w=0 is the equation of a conic, and v=O the equation of its 
director circle, show that the equation «—Av=O represents for one 
value of A, the directrices of the conic. 


25. Tangents 7P, TQ are drawn from 7'(x,y,) to the parabola 
y?=4ax; prove that the equation of the circle circumscribing the 
triangle TPQ is a(2?+y?) —(y,?+2a*)2 —y,(a—2,)y+ ax, (2a —-x,)=0. 


26. If S=0O and S’=0 be the equations of two conics, and Z=0 and 
M=0 the equations of two straight-lines, interpret‘the equations 
S—kS'=0; S+4LM=0, S+kL?=0, when & is a constant. 


27. Prove that the product of the perpendiculars let fall from any 
point of a conic on two opposite sides of an inscribed quadrilateral is 
in a constant ratio to the product of the perpendiculars let fall on the 
other two sides. 


28. Prove that the equation of a circle which touches the parabola 
y°=4ax and passes through its focus may be written 


(1 + m?)(y? — 4ax) + (a2 — my + am?) (x2 + my +3a)=0. 


29. Prove that the equation Vaxr+/by=1 represents a parabola, 
and show that the length of its latus rectum is 


4ab 


(a2 +b4F 


If a+6=h, where & is a constant, show that the locus of the foci 
of all such parabolas is a circle. 


30. A hyperbola touches the axis of y at the origin, and the line 


y=7x—5 at the point (1, 2). One of the asymptotes is parallel to the 
axis of # Find the equation of the curve. 


31. Find the equation of the conic through the points of inter- 
section of 3°+y’=4 and 5xy—y?=2, and through the point (—2, 3). 
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32. Show that the equation 


A P B C 
LCS O,+YSIN&,—P, LCOS, +YSIN Hy — Py LCOS A3+Y SIN X3— Ps 


represents a conic circumscribing the triangle formed by the lines 
& COS & +¥ SIN %, —p,=0, etc., where A, B, C are any constants, and 
that the conic is the circumscribing circle if 

A: B: C=sin (a — a) : sin (a — a) : sin (a, — O49). 

33. Show that S=£S’, where & is a variable parameter, represents 
the system of coaxal circles to which belong the circles S=0, S’=0. 
Prove that tangents from any point on a fixed circle of a coaxal 
system to two other fixed circles of the system are in a given ratio. 


34, Prove that two parabolas can be drawn through four given 
points. 


35. Ifa variable conic pass through three fixed points and have an 
asymptote parallel to a given line, the locus of its centre is a parabola. 
If it pass through two given points and have its asymptotes parallel 
to two given lines, the locus of its centre is a straight line. 


36. Find the locus of the centres of all rectangular hyperbolas 
having contact of the third order with the ellipse #*/a?+y?/b?=1. 


37. PQ is the common chord of a parabola y?=4azr and its osculating 
circle. Show that the locus-of the intersection of PQ with the 
perpendicular drawn to it from the vertex is 7?(3a—27)=<*. 


38. The polar of the focus of the parabola y?=4ax with respect to 
any rectangular hyperbola which has 4-point contact with the parabola 


touches the parabola 72 = 4a (320 +20). 


39. A rectangular hyperbola passes through the three points (4, 0), 
(c, 0), (0, a); show that it meets the y-axis again at the point whose 
ordinate is —bc/a, and deduce that if a rectangular hyperbola pass 
through the vertices of a triangle, it passes through the orthocentre. 


40. Using the relation between the eccentricity and the angle 
between the asymptotes of a conic, find an equation giving the 
eccentricity of a conic specified by the general equation. 

41, If through a given point on a conic two lines be drawn which 
make with the normal angles the product of whose tangents is con- 
stant, show that the join of their extremities passes through a fixed 
point on the normal. 

42. If through any point on an equilateral hyperbola be drawn two 
chords at right angles, the perpendicular let fall on the line joining 
their extremities is the tangent to the curve. 

43. If a circle have double contact with a conic, the tangent drawn 
to the circle from any point on the conic is in a constant ratio to the 
perpendicular from the point on the chord of contact. 
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44, If two conics have double contact, the square of the per- 
pendicular from any point of one upon the chord of contact is in a 
constant ratio to the rectangle under the segments of that per- 
‘pendicular made by the other. 


‘45, If two conics have each double contact with a third, their 
chords of contact. with the third conic, and a pair of their chords of 
intersection with each other, will all pass through the same point 
and form a harmonic pencil. 


46. The chords of contact of two conics with their common tangents 
pass through the intersection of a pair of their common chords. 


47. If three conics have each double contact with a fourth, six of 
their chords of intersection will pass three by three through the same 
points. 


48. If three conics have one chord common to all, their three other 
common chords will pass through the same point. 


49, If four points on a conic are given, its chord of intersection 
with a fixed conic passing through two of these points will pass 
through a fixed point. : 


50. Two conics S, and S, intersect in the four points A, B, C, D. 
Lines AF F,, BG)G, are drawn cutting S, and S, in F,, G, and F,, G, 
ce pangs! ; prove that the intersection of FG, and F2G@, lies on the 

ine CD. 


ANSWERS. 


ee eee SRL eee eS 3. 5, -1, 1, -5, (a£b)/2. 
§4,p.6. 2. (i) $s (ii) -$; (iii) $; (iv) -4; (v) 3. 


Exercises I. p. 7. 
i ie! 


4. 2. -1,1,-3,-1,-4 2. (i) 43, 42; (ii) =1; 2; (iii) -2, 3. 


42, -7, - 9%. bor ¢ 6.1 26, 
- %, 0. = 15. 9. 3(a+0). 


. For first part take YM as origin, for second part take A as origin. 


P, $1 (% +2 -d) +n/{ (2, - 29)? + 0?}]; 
Q, $[ (a, +224 d) )£/{( XL — Hy)? + d? +]. 


- 22min (Ly — 2,)/(m? -'n?). 16. (m—Nn)(x,—%)/(1+m)(1+n). 


Exercises II. p. 10. 


1. (1) +4 in. per sec.; (2) x=3; (3) x=15, x= -9; (4) 4 sec. before 
zero-time, 1 sec. before zero-time. : 

2. x=142t. S. w=2-3. ay 1, 4,8: 

7. +. 8. 32. 9. w+ (%-—2x,)t/(2¢-1) 

§ 9, p.16. 1. (1) 5; (2)5; (8) 138. 

2. (1) -2,2; (2) -3, $3 (3) 1, 35 (4) -3, 3. a. 7y 

5. 10 or —14. 7. 17, /10, 4, J/5; V3, /34. 

Exercises ITI. eS 18. 

Bf, 2) 3. (3, 73), Gey 72) 

‘4. (2, 1); (3, 0); (11, —8); (23, -20). (3,2, 43), (25, -7), 3297. 

6. 2v'130, 3/130. 7. 20 +4, 45N130. 

B. +22, 30/85, 4/85. O.s(33= 35): 


§ 14, p: DA ie oe (} 3 3), (- 23 ’ 9). 
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Exercises IV. p. 26. 
4. y+3=0. 6. No. 17. (—2, -2°5), (-5, -4). 
19. 2x-y=1. 21. (1, —1), (—2, —3), (7, 3) lie on the line. 


Exercises V. pp. 32. 


6. 2,-3.3, -F 15. (13, 4). 

22. The line through (3, 1) of gradient 1/2. 

24. (1) line through (0, 3) of gradient +; (2) line through (0, 2) of gradient 
$; (3) line hoa (0, 1) of gradient +; (4) line meee (0, 2) of 
gradient — 7; (5) line through (0, — 3) of gradient — 

26. (2, —1), (38, 2) are on the line. 28. 3x=2y. 29.  y=mx + €. 

30. 2x+3y=19, w-2y=1, 3v—2y+16=0, 2x+y=7. 

32. The gradient of BC is $, therefore the gradient of the perpendicular 


from A is -2. Hence required equation is i= -2 or 2an+y=9. 


a3. -$, -4, $5 2x-9y+28=0, 22-y+5=0, 6r+5y=8. 

34. 7x+6y=61, ila—6y+43=0, x-3y=28. 85. 4, 4/13. 

36. 5V2. 40. (1, 5) or (5, —1). 41. (a—b, a+b) or (a+b, b-a). 
42. (a+b-d, b+c-a) or (a+d-b, a+b-c). 


Exercises VI. p. 42. 


1. 44:5, 2. = 775. 83. —38°5. 4. +(bu+ay-ab). 
&. 72. 6,39. 7. 28. 8. -3. 
9, 22. 12. 4v-9y+37=0. 


Exercises VII. pp. 45. 


3. 3¢+4y=6. 4. 4x-6y=15. 

5. ,/3x-3y+6=0. 6. 5,/38x+5y+11=0. 

8. 2, —2, —3/4, 1/2, — 2/3, 1/2, - 3/7, 3/4, - 7/5. 

9. -a/b. 10. -bd/a. 11. m, m. 

Exercises VIII. p. 49. 

1. 3x+2y+19=0, 2. 3x —4y=32, 3a+4y4+8=0. 

8. 2x-5y+11=0. 4 x+y=4, «+y¥4+2=0. 

5. «+y=4, x-y+2=0. 6. 4% -3y7+3=0. 

7. 2,3, —2; 2/5, —3/2, -a/b. 10. 5¢—2Qy=11, 3a +2y=29, x+6y=15. 
11. w—3y=1, 17x+12y+4=0, oe ee 122 is -4, x+Ty=36, 
13. 4v=9y. 14. 3x-—5y=8. No. . » (iv). 1G. (lee )e 
az. (-33, 482). 18. (59.33 “3")- 


9 
a9. (- 33) - $3): 20. (47, 12), (0, -2). 
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§28, p. 51. 2. (i) 2u-y=7; (ii) y=3x-8; (ili) 5a+4y=3; 
(iv) 32—2y=8; (v) y=2xe4+5;. (vi) 20=Ty. 


Exercises IX. p. 52. 


2. (i) 4a+3y=26; (ii) 5u—2y=13; (iii) x+2y=8; (iv) 3x-—y+7=0; 
(v) 382+5y+9=0; (vi) 2e-—Ty=12; (vii) 4x + 3y=0. 

3. 7x —2y+30=0, 2a+7y+1=0. 4. 3x+8y+46=0, 8x-3y+1=0. 

5. (Z4, $2). 6. (-5..-5)3 4 


S 


Exercises X. p. 54. 
Bee Se ee 5 6, Sn), 2.8 13 7 0: 


Exercises XI. p. 58. 


2. x=34+2t, y=54+t. 5. (—44, 49). 6. (3, #). 

Y se (aren (A 9. £+3y=1. 10. dx—by=ad - be. 
12. x=1-3u, y=2+2u; w=1+4+2v, y=2+3v. 13. (753, — 73). 
§32,p. 61. 3. 5%+3y+15=0. 4. 2n-y=4. 

ple See SAE VOR: toe ie eed oe S 

a Tae ae a ¥) >) 5? (ige! 3) 5° 

§ 33, p. 64. 8. «7, +933=%3; tana=l2, p=38. 

3. 35 fe is> (VY) o rxV135 


1 (g Ce ii w 

(vi) 3 5/103 (vii) p Nee (viii) 7.’ Pam 
§ 84, p. 65. 1. 3,/2. 2. (GY. os v8), (b>a). 
§ 35, p. 68. 8. 1, 15,5; 45°, 56°19’, 78° 41’. 
9. «-3y+19=0, 3x4+y=13. 
10. (y—b)(m+/tan a)+(x—-a)(/—m tan a) =0, 

(y —6)(m—U tan a) +(a%-a)(l+m tan a)=0 
Ll. x-5y+32=0. 
§ 36, p. 69. 2. 4x%+4y=1, 10x—-10y+3=0. 3. x-y=0, «+y=0. 
4, 2x-l6y=1, 64¢+8y+33=0. “ye 
5. 19x —399y +600=0, 1892+ 9y=80. 6. $44, 25 


7. (Bn/2—2)a — (2+ 4)y +2/2+7=0, 
(3/242) 2 — (2-4) y +2,/2-7=0. 


$37, p. 71. 1. (4, -1). 2. (-2, 1). 3. (0, 2). 4, (2, 3). 
5. (3, 1). 6. (3, -2). 10. (b, a). 12. (1, 1). 
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§ 38, p. 74. 3. 59x=6ly. 
4. (i) 4x=y+5; (ii) 10z+67y=0; (iii) 87¢=27y +57. 
6. (i) 216a+167=53y; (ii) 93x + 149=62y ; (iii) 62x +93y= 165. 
7. (i) l0w=5y+18, 8a+2y+19=0, 7a+9=Ty; 
(ii) 5u+1l0y=4, 2v=3y+9, Tx+Ty=13. 


Exercises XII. p. 75. 


2-8. (aR Yo—MY:)(Y2— Yr)» (Lr Yo — XaIYr)/(Xy — Xp) 
8. (ad —be)/d, (be —ad)/b. 
es —ad)—b(b'e'-a'd’) d'(be - ad) - d(l'c' -a 2). 


= 


(bd! — b'd) ‘ (bd’ —b'd) 
5. bla, c/Na? +02. 
10. (i) b'd=bd’; (ii) dd’ +bb’=0; (iii) b'd=bd’, d(a-a’)=b(e-c’). 
B(ad-—bc)—Cb A(be-ad) - Cd 


: = 1= Bo. pT a eee den a Bal ASE 
11. Bd+Ab=0, Ad=Bb 2 rire a Abs eS 
13. 4. 14. 36° 52’; x+y=2, 3x+5=3y. 16. Below. 
py (-3, ~ $). 22. The lines are concurrent. 

23. 64x +49y +19=0. 94, a, aay ee ore 
a l-a lia 
25. 25x =23y, 232+ 25y= 0; (qa°5> vis): ( i? +e ). 
26. (1, 2). 27. (8, 11), (-4, 3). + 
29. a?+b?+c=Babe; or, if a, b, and c are real, a+b+c=0. 
p » 1—b)xa+(a-—c)y+be-ad 
80. 3x+1ly=15. 31. + : x 
(a —a)(%— 0) + (y—b)(y -d) 
32) 7=2. 33. (3, 4). 


§ 39, p. 80. 3. (2~+y-4) (8x4 5y—-2). 4. (llx+8y-9)(7x—-lly+1). 
5. (i) et+y=1, y=x4+1; (ii) e=y, e+y+1=0; (iii) 2e+y=1, r=y+1; 
(iv) 8a+6=2y, 2x+3y=5; (v)5e+4=2y, 37+5y=1; 
(vi) 7v@+8=9y, 12x+6y=5; (vii) 3v=y, x=3y; (viii) aw=by, ba=ay ; 
(ix) a(b-e)w=c(a—b)y, x=y; (x) awt+hy=+4Nih?-ab.y. 


§ 41, p. 84. 3. Yes. 4. 24h? + 50hb + 25b? + ab=0. 
5. (ab’—a’b)?=4(ah' — ah) (hb! — h’d). - 7. 3x=2y, 22+3y=0. 
9. (i) ax +2hay+by?=0; (ii) ba®-2hay+ay2=0; or 
(i) aw+hy=4Nh?2—ab.y; (ii) ba -hy=+Vh?=ab.y. 


$42, p. 85. 1. $, 53°8’. 5. 3x+2y+3=0, 2x=5y+2; 42. 
Exercises XIII. p. 94. 

6. 33. 66. Ye. 7. Roots of a2-22-17=0; 1+3,/2. 

8. -12, 12. 38. 13. «-3y+4=0. 


§47,p.97. © 2. p(1+p,)?=(p.+p,). 


pp. 


aly & 
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Exercises XIV. p. 100. 


- (-2, -1). 2. (—3, =1). 4. ax?+2hay + by?=0. 
C= oo) 9, (*-p)P-(y-9) _(x«-p)(y-9), 
5 Eee 


—h? ab-h? J 


a-—b 


. 12%-Ty=61. 12. 42°+4xy — 32? -6x —-5y+2=0. 


x —3y+3,/2=0. 14. xy+6x+4y=1. 


- 42°y?=a7(x? + y?). 16. y(77?+3x7)=a5.,/2. 


at iL 18. sn=a?si 208 
Be . &n=a-sina cosa, 
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the same. 


§ 50, p. 105. 1. (i) 22+y?=4; (ii) a +y?=16; (iii) a+y9=25; 


2. 
“a 
7. 


§ 51, p. 108. 2. (i) (3, 4), 5; (ii) (-3, -—4), 45 (iii) (1, -1), 5 


3. 


sooo 


17. 
18. 
21. 


§53, p. 115. 2. (i) 2x+3y=13; (ii) y=a+2; (iii) Qw-y 
i) 


(iv) 2?+9°+ 6x -2y+6=0; (v) 22+y?+4x-4y+4=0; 
(vi) a? +y?-—4xe-2Qy=4; (vii) 2?+7?=2y; 

(vili) 2?+y?+2y=3; (ix) 2?+y?-42=5; 
(x) a? +9?+6x=16; (xi) w?+y?-4x+6y+12=0; 


e 


(xii) 22+ 4+ 6a -8y=24; (xiii) a2+y?—4a+5y+10=0; 


(xiv) 1822+ 18y°+54x+18y+37=0. 
w+ y?=25. 8. 2? +y?+10x+2y= 143. 


22+ y2—Qr+2y=287.  . (6, 0), (—2, 0). 6510.13) (0.2 1h 


(1, -1), (-3, -1). 8. (c+2a, 2b), (-c, 2b). 


(iv) (-2, 3), 4 


? 


(i) (0, 0), 25 (ii) (0,0), 35 (iii) (1, -2), 25 (iv) (2, 3), 4; (v) (-1, 1), 2; 


(vi) (3, 4), 15 (vii) (-#, 3), 35 (viii) (GZ, - 3), $5; 


( 
(ix) (-4, -$), V2°1. 


Exercises XV. p. 111. 


x+y?—6x-2y+5=0; /5, (3, 1). 2. x2 +9?=2x42y. 


. w+ y2=2x — by. a. (- 


e+ y? he eon /22°5. 6. (12, 1), (4, 5). 
(1, 1), (> = ‘ 9. x2+y?-10z-y+19=0. 


; ? 
v+yr=2y; a Stl centre (0, 1) and radius 1. 
x2+y?—8x%+8=0; acircle, centre (4, 0) and radius 2,/2. 


(2,..— yi = er 28 J 22. (4, 43), (2 es 23. dx- 


13? 


=5; 
(iv) 2a+3y=21; (v) y=x-3; (vi) 2e-y=7; (vii) y= 
(viii) 4+ 6y=15; (ix) 12x -6y=23. 


§ 56, p. 123. 1. 4. Bie: 3, 4N2. 


3y+5=0. 


2u+4 ; 
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Exercises XVI. _ p. 124. 

a2-+y2— 8x -10y+16=0; (0, 8). 

a+y—4ae—6y+9=0; y=5. 8. x2+y?-2ax-by+a?=0. 
0+ y?— 6a —6y+9=0, x? +4?-6x+24y+9=0. 
x+y? — Qe —2Qy4+1=0, x?+y?— 12% -12y+36=0, 
at+y?—6e+6yt+9=0, x2+4%+4x-—4y+4=0. 

6. 2? +y?-4x=77. 7. x°+y?—-2px=r*+ ap. 
11. 2tN35.y=30, 2x4N5.y=15. 


oll ade 


Exercises XVII. p. 128. 
2. (i) ~+5=0; (ii) 5a—5y=1; (iii) de-3y+7=0; (iv) 6by=x+10. 


5.c=0, 6. (0, £7,/6). 7. (0, +2). 8. (0, +2:). 
On c=: 10. x«=0. 11. (0, +22,/2), «=0. 
§ 58, p. 131. 1. x?+7°-x-4=0. 2. 2x? +2y?+25x+24=0. 


3. x2 +y?-22-9=0, 9x? + Dy? + 62x —-81=0. 
4. 5x*+5y? — 50x +427+9=0. 
5. 2+y?-52+4=0, 4a? + 4y?-+ 65a +-16= 0. 


§ 59, p. 132. 5. a?+y=3y+14. 


2 
§ 60, p. 134. 1. (3%, 775). 2. a+ y= a. ‘3. eyo x, 
4. 2=3. 5. 2+7?-162+48=0. 
§ 63, p. 138. 1. 2x+5y=1. 2. 5y-2x=10. 8. (4, 4). 
4. 6x+5y=1. 6. (-3, -}). 


Exercises XVIII. p. 138. 


1. m= +3. 2. (3, 5). 8. 4u-3y=832. 
4. (1,3), (-2, 0), y=3, «+2=0, (-2, 3). 5. xt+y=+4, 
1 
8. ax=by, 2ab/(a2+b?)?. 10. 2?+7?-3x-—5y+6=0. 
12. eS athe 18. 2y=x+5. 14. 24+ Y=22,+yy,. 
15. ), (F 3 B 16. ae + yy? + “Bonin hy 9S. 
19. es 21. —2(gi+fm-—-n)/(2+m?). 
24. e+ y=ty+4. 27. x2+y2-2y+4=0. 


28. (a? +y?+b)y,=(x>+y2+b)y; 2+y2+2ky+b=0, where 
k={-—mn+,/(P +m?) (n? 4 b2)}/2. 

30. (x -a)?+(y—bP=r. sl. ue (a? + yy? +2920, +2fy, +¢)]. 

39. = 3 ~- 2( 9,2 + y,? + Qgary + fy, + Gee “t t- mn(x,2+ etc)]. 


40. 2,/2, -,/2. 42. eee 43. x=1, y=1. 
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§ 70, p. 150. 1. y?=4az. 2. y2=4(x-1). 8. x=day. 


4. 


162? — 24ary + 9y? — 70x — 10y + 100=0. 


§71, p. 151. 1. 5x2+9y2=45. 


Exercises XIX. p. 161. 


1. y=a. 2. c+y=2. Sey —— le 

4. ety=5 Gs Besa fees 6. 2x+3y=5. 

7, ea der 8. (w-2)?+(y-3)2=9. 9. 4a®+y2=4, Qn. - 
10. x*+7°=4a?. 11. (8% —2)?+9y?=1. 12. «?+7?-bx=0. 
13. ou 4a(y—a). 14. 2?+15=6y. 15. 32?-y?+16x=64. 
16. 2xy=a?. Sagat, eo ae Ae 

LY =O U+y Le ay baad ee eer 9 

19. 7x?+2xy+7Ty? + 6x —6y -9=0. 21. (x—y)(k-2y)= 

22. (i) v*=2ay; (ii) (w—y)?=4ay. 

23. (i), (iti) 2?7+6°=2(b4a)y+a’; (ii) 2=4ay, x=0. 

24. (w+y)?=2a(2e -a). 25. (x+y)?=2a(2Qy—-a). 

26. (a—y)?=2a(2x—-a). 27. x*?=2a(~+y—-a). 

28. y?=2a(y+z). 29. x?=a(a+2y). 

80. (x+y -a)(a? +7?) =a"y". 81. xy=l-«. 

43. (i) w(a-2)?=y?(2a—<x); (il) 4y?(3a —2x7)= (2x -a)?. 

Miscellaneous Examples I. p. 165. 

4. 5,-i,5 ig boae 7. (a, d). 8. (1, 1). 

9. (= a ntptts), 11. (9, 6), (1, 8), (-7,-4). 12. (1, 1). 
13. (mata mr Math * Mat, + Mads 14. (ee a). 

My +My+M, " My, +My+Ms =m’ =m 

17. 4c-3y+1=0. 18. x«=-4+424, y=-14+4, 2x-y+7=0. 
19. 2 ft. per sec., —1 ft. per sec. ; ed 

20. (i) 0, 32, 64, 96, 128 ft. per sec. ; (ii) 4, 1, 13; 22 sec. ; 

(iii) 32 ft. per sec. per sec. ; (iv) 16, 144, 80 ft. 

21. (i) v=32t; (ii) t=v/32; (iii) s=162; (iv) v=8,/s. 

23. (i) a; (ii) w; (iii) —u/a. 

24. x=a+(c-a)t/t,, y=b+(d—b)t/t,; (c—a)(y—b)=(d—b)(x— a). 
25. c=2+4t, y=14+3¢. 27. x—4y+14=0, (—4%, 2%), gn/17. 
29. 83x -344y+107=0, 2%. 80. (93%, §)- 31. (3, 7). 
32. 2 rr/986, 7/986. 33. (-1, 7), (= 4, 3), (4, — 3), ( (7, 1). 
84. (b+d-a, c+a+b), (-b-d-a, ~c-a+b). 35. (a,a+b), (a+, b). 
B36. be+(b+c)y=be, (b+c)u+cy=be. 
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38. 


40 


43. 
45. 
47. 
49. 
52. 
55. 


56. 


57. 


61. 
62. 
63. 
66. 


73. 


75. 


76. 
79. 
si. 
82. 
83. 


84. 
87. 
89. 


90. 


ANALYTICAL GEOMETRY. [Misc. Ex. 1.-XX. 


({2(r+p)F2(8-Q}, {F(s+O+2(7-p)})- 39. (a/2, 0). 
Aap). ar. 3, 33 (-% 4. 
2x —-3y+7=0. 44. 2y=x, 3y+x=0. 
A straight line. 46. y+«=7, 3y—5x+3=0. 
acd](be+ad — ab), bed/(be+ad — ab). 48. 3x-y+7=0. 
(a —1)?+ (y+2)P=36. 51. w=1/(p+¢). 
(2, 4). 54. (3, 1+,/5)- 
2Qy=9, 72u+154y+9=0, 3a=4y+9, 15x+8y=81. 
ee Ba fe Lt (x - a) 
1+m tana 2 
(y—2)(13 + 3,/26) =(13 +2,/26) (a — 1), 
(y — 4) (18 £3,/26) = (13 + 2,/26) (a — 3). 
( Qing + f+ 2nl — mf ng ee ee 
re P+ m? : P+ mm 
Let the line pass through (a, b); the locus is then 
(v—a)?+(y—bP=(f—a)P+ (g—b). 
(i) 48°; (i) Ge 70) . 
4x+Ty=65, Tx-4y=653 3(y—5)=(382+,/655) (x — 4). 
x? + y? — 2x -2y+1=0. 65. (-5, 0), (0, 3). 
(4; 12)\(—3;3 5): 67. 2; 4. 


os as (0, = ). 69. — 70. 2NorF+R. 


The times are given by the roots of the equation 
Z(mn' — m'n) 2+ = (bn’ — b'n + c’m — em')t +=Z(be' — b'e)=0. 
(x—y)(w+y-1)(2?+y?-x-y)=0. This equation represents the 
diagonals and the circumcircle of the square OACB. 
y=4n. 77. x=4(y—-2). 78. 2+ 2xy+y?- 8x -32y+136=0. 
7x? + 16y2=112. 80. 24xy+7Ty?— 48x -64y+64=0. 
4a? + dary + y? — 26a — 58y + 166=0. 
1012? — 48axy + 81y? + 314a + 1056y + 1889 =0. 
13x? — 12xy — 3y? + 80x — 10y +25 =0. 
(i) a+y%=a; (iii) at+y3aa3. 85. y=x; 2at+b)2- 
he +ky=r". gs. (0, —3), (-2, -1). 
(1+2hm — m?) (x? + y? FE m)x —2e(1 ena? 


(i) aia? + Qhary + by? — 2 ( (gx +fy) ( (lx +my) + “(le + my)=0 5 


(ii) a(x —p)?+2h(a—p)(y-q)+b(y-¢)? 
~ 2{(x- p)(ap+hq+g)+(y-@ (hp +bq+f)} 
_ & {d(x —p)-+m(y - q)}] (p+mq+n) 
+ (ap? + 2hpgq + bq? +2gp + 2fg +c) {l(a —p)+mly - Q) Pp +mgq+n).. 


ve+y=a(et+y), x+y=0. 95. -4, = 26, (—22, 18), 
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96. (w-a)?+(y-—bP =a? +R. 

98. (gcosat+fsinat+p)/?=9?+f?-c¢; x? y? 

(gx + fy +2 yPP=(G2+f2— 0) (u2+y%) POO as iat 
Miscellaneous Examples II. p. 174. 
1. y=75u, x=0. 
2. x+y? +2x—-12y+17=0, 9x? + Oy? - 62x —28y+73=0. 
8. a(y — bs) (bg — agy) — by(x — ag) (gz —agy) + (dex - agy) (boa - any) =0. 
5. (Y— Yo) (XY — fre) =Ay — Y) (oY — Yox) if OM: ON=). 
6. 9n+2y=9, x+3y=6, 1lx+6=7y, (2, 2). 7. See Fx. 9. 
8. (5, 42), (3, 4). 10. £(4,/3+ B)+n(A + By/3)+2C=0. 

12. (%— 2%) (% — %q)+(y—%)(y — Yo) =0. 

16. ,/(h?-ab)/(am?-2him+bP). 197. 3c2(m.— m,)/(a+ bm,) (a+ bm). 

18. See § 38. 20. (1, /+m+n+/lmn). 

b- B a-a 25 

27 = arma) a1. 25, 

35. x—y=f(a+b), (b+c)x—by=k (a+b) (b+2c), 
(c+a)a-ay=4(a+b)(a+2c) ; 
a+? -2(a+b)a—(at+b)y+a?+3ab+b?=0. 

37. (a?+b?)(x2+ 7?) +2c(ax+by)=0. 42. (al+bm+n)y?=r?(?+m?). 

44. (2+,/0)x -y=,/d+1. 47. d/b. 61. y=xr+xy. 

53. Let the circle be x*+y?=a*, etc.; the locus is 

(i) y°=(x%+2a)(a —x)/(a+3a), or (ii) y=ax?(x- a)/(a+3x) according 
as the points move in the same direction or in opposite directions. 

55. (x?+7? — 2ax)?=b(a? +’). 

56. (bx —ay)(ay+bx — ab) =2c*(x -a)(y —5). 

57. bb'x(a—x)=aa'(b-y)y. When ABand A’B’ are parallel this becomes 
(bx —ay)(bu-+-ay-—ab)=0, or the line AB and the perpendicular 
through O to AB. 

58. 2a(x? + y? + 2c?) = (4c? + a2) (44-y). 59. xy? + 07x - ay?=0. 

60. x«(n—b)nat+y(E-a)tb+abin=0. 

61. Let A be (0, 0); let the circle be (x-a)?+y?=r*. ‘Then the locus is 

Qaxn =a? - 7. 
64. y?+ay?+x7y -ax?=0. 70. When c=), the locus is a cissoid. 
Exercises XX. p. 187. 
§&. y—-1l=2?, yt+1=2?, y+b=2%. 


§ 80, p. 190. 4. (i) 2°87, — 0°87; (ii) 3, -1; (iii) 2°58, -0°58; 


(iv) 2°87,.—0°87; (v) 2°91, -0°91; (vi) 2'95, — 0°95. 

(i) (0, —1), (3, 2); (ii) (2:42, 0°03), (- 0°76, 1-09) ; (iii) (2, — 1) twice ; 
(iv) the roots are imaginary; the straight line does not meet the 
curve at all. 
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7. (i) 2°33, —0:20, —2°13; (ii) 0°72; (iii) 2°11, —0°68; (iv) 1°60, 0°455, 
—2°06; (v) 1:16; (vi) 1°86, - 0°37. 

8. (i) (0-86, 0°74), (1°40, 1°96) ; (ii) (3°53, - 3°76), (5°41, 4°65). 

9. (i) —0°86, 1°40; (ii) 3°53, 5°41. 


Exercises XXIII. p. 213. 
5 7 


40. (i) 3, $; -3, -$3 (+0, +3 —», -0); (ii) 3, — 35 
(iii) 1:30, 0°30; —2°30, — 3°30; 1°32, 0°36; —0°57, 4:14; 
(iv) —0°69, 0-41; 0°63, —1°69; (v) —2°18, 0°52; 1, -1. 


§ 89, p. 217. 5. (xsina—ycosa)=gx?/2V cosa. 


Exercises XXIV. p. 217. 


1. (y—x%+2)?=9y. 

2. 4(y+x)=(y—~«)%, or, turning axes through 45°, 7=38. 
4. («+1)P=a2(2y+1). & 2P=(y+z)% 

6. x(y+1)(xy -1l)=y(a+ 1). 7. P+p=sary. 
8. y=(x41)(x-1)/(3a2 +1). 


Exercises XXV._ p. 227. 
2. y+a=0, y=3x-2. 8. (i) y=x-1; (ii) 5e=y+9. 
(i) e=3y+2; (ii) 8e+3y+2=0; (iii) 2v+3y+2=0, 4v=3y+2. 


8. (i) 8y=x41; (ii) 8y=10x4+1; F(1 +,/10), maximum and minimum 
values of y. 


6. (i) —2, -23 (ii) 42/5. 
10. (i) (0, 0), (3, 1), (0, 1) twice ;- (ii) (0, 0), (2, 0), (2, 3), (1, -3); 


(iii) (0, 0). («{1 + (2)"), o{1 z eo: 


§ 95, p. 231. 8. (i)a+ve, ac>b®; (ii)a—ve, ac>b?. 


» 


§ 96, p. 233. 2. (i) y=3u-4; (ii) y+x=2, y=a-3; 
(ili) y=3x-7, y+ 5a=1; (iv) y=5x-—7; (v) y=2(x-1), y=2(x -8). 
§ 99, p. 238. 1. (i) y=-x-2%...3 (ii) y= -—2?-23...; 
ase 1 apa ia : 
(ili) y= ~@+367 o16°" : Gy) Y=1-—2Qx+2Qa?...; 


(v) y= —14+8x—-32?...5 (vi) y= - 24a - 3a2...5 (vii) y=24+2u42x2.... 
2. yt+u=5. 
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Exercises XXVI. p. 244. 
4. dx+y=l, 3x+y=2, y=u-2, y=3u -7. 9. 2y=x+3. 
3 
10. (i) y=, n=t-¥ 5 (ii) y+ 7a=27, n=—7E4+9 
(iii) 9y=20x2 —28, n= 
(v) y=1, 7=78.... : 
16. y=x-1. 17. (3, 32). 
19. 3y=x=3. 20, h=1, b=2, or h=s)k=1, or h= = 2, b=3, 


Ute 
bo 


o 


§ 108, p. 252. 4. (i) y=x-10, y=13x-34; (ii) y=2(x-p), 2py =Lha — h?; 
(ili) y=llv-—6, y=2e-2, yt+x=2, y=2ux-6, y=11lx—38, 
y =26x +2, y=47x+34; (iv) y=0, y=(b-a)?(x—b); (v) y=0, (n>1). 


Exercises XXVII._ p. 257. 


[Abscissae only are given: first, turning points, then inflexions, then 
intercepts on 2-axis. ] 


1. $; none; 2°33, —0°61. 2. 2; none; 4°62, - 1°62. 

3. 0,4; 2; 0,2. 4. 1, -2; -4; 0°65, 1-33, —3°47. 
5. 1, —1; 0; 0°35, 1°53, -1°88. 6. 1°53, —1°53; 0; 2°40, 0°44, — 2°84. 
7, 2, 4:12, -0°12; 3°22, 0°78; 2 twice, 5, —1. 

8. 


0; 3,1; 2°08, -0°83. 9. 1, 3°24, — 1-24; 2-29, - 0-29; none. 
3,1; 0, 2°37, 0°63; 3°51, 2°10, —0°97. 

13. (9) None. (10) (1, 2); (—1, —2). (11) None. 

(12) (V2, 8342/2); (-V2, 3-22). (13) (-1, 0); (-3, 8). 

(14) (X/2, 38/2/2). (15) (-A/2, -38/2/2). (16) (X/4/2, 3x/2/2). 

(17) None. (18) (1, 2); (-—1, 2). (19) None. 


Exercises XXVIII. p. 267. 
1. -2. 
8. (The value of x is given second.) (i)-4,4. (ii) 3,1; -1, -1. 
(iii) 5-83, 3°41; 0-17, 0°59. (iv) 3,1; 4, -1. (v) - 0°15, 1°37; 
2:15, —0°37. (vi) —6°46, 1°37; 0°46, —0°37. (vii) —13°93, 3°37; 


— 0°07, roe 
4. (i) 0, —3?; (ii) —1°38; (iii) 0, 2°09. 5. n= —CPE%, n=cPé2 
6. 0, max.; —4, min. 7. New origin is (2, 0); (2, 0); +0°385. 
Bs. §,0; y= — 258, (min.), 0 (max.). 9. 10y-3 -3y?; 3, . 
10. 32(y—-9)(y—-5); 9 min., 5 max. 
11. = 12. oot ax 13. 7:4. 


14. (i) ab; (ii) Jab; (ili) xe 3 (iv) Jao; (v) bs (vi) @ 
15. (i) 2ab; (ii) b+a+2,/ab; (iii) 2ab; (iv) 1/4. 16. 3/2. 
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: : 32-1 a 
20. Sl i “21, 0or2—0; = en =1 if 2=0; sl if 0<w<l. 


21. 24+2,/2 min., 2— oe max. cesy a, 1) max., (2, 2) max. 

23. (i) &(7+4/13) max., 4(7- /13) min.; (ii) 2 min., a0 max. ; 
(iii) —4-2,/6 max., —4+2,/6 min.; 
(iv) 1(949,/14) min., 3(9-—2,/14) max.; (v) 9 max., —1 min. ; 
(vi) 2+,/3 max., 2-,/3 min. 


§110, p. 273. (i) 2°7321, — 0°7321 ; (ii) -- 0°8772, 071629; (iii) 1°8431, 0°4069. 


§ 111, p. 275. 2. The root lies between (i) 1 and 2; (ii) 2and3; 
(iii) —1 and -2; (iv) Oand1; (v) 1 ane 2. 
3. The roots lie between (i) 2 and 3; (ii) -4 and 0, 0 and 3 = } and 1s 


(iii) -1 and 0, 0 and 1, 3 and 4; (iv) -2 and —1, 1 and cy 


Exercises XXIX. p. 279 


1. 2095. 2. 1:213. 3. 0-466. 4. 1°552. 
5. 1-276. 6. 0°755. 7. 1-229, —1°566. 8. 1:426, —0°899, 
9. 2°597. 10. 2°858. 11. 0-226. 12. 0°347. 


Exercises XXX. p. 288. 


1. (i) None; (ii) two. 2. (i) None; (ii) three. 

3. (i) One, (4, 2); (ii) two. 4. (i) None; (ii) two. 

5. (a) (i) None; (ii) two. (b) (i) None; (ii) two. 

6. (a) (i) None; (ii) three. (b) (i) None; (ii) three. 

7. (a) (i) None; (ii) two. hey None; (ii) two. 8. y=x+1. 
10. (i) y=0, y=23 (ii) y=0, y=; (iii) y=0, y=a—-13 (iv) y=0, y=x-1. 
12. (i)2 Ae eer: S042, e=2s Gn).g=l1s fi =1; (v) y= 

oe, Be Ges sgh ok i one (ili) y=135 (iv) y=1; (v) y=1, 
13. (3, 2). 


Exercises XXXI._ p. 294. 
1. (i) y=, yt+w=0; (ii) y=a, yt+x=0; (iii) e=0, y=a; 

(iv) y=a, a+yt+1=03 (v) y=2e, x=2Qy; (vi) y=2e4+1, y=u-2; 

(vii) y=0, y=a, y=2u; (viii) x=0, y=0, y=, y=2e ; 

(ix) y+ 1=0, +1=0, w+y=2; (x) 8,/2x+8y4+3=0, 8,/2x-—8y-3=0. 
16. 5(x+y)=1. The curve appears above this line to the right, below it 

on the left, and cuts it at (‘075..., +125...) 

18. (2v+y-1)(x-y+1). 
28. (i) v=1, y=0; (ii) e+y+1=0; (iii) e—3y=1. 


§ 122, p. 299. 3. (i) —a/y; (ii) ea es athe (iii) (a+bx)/y ; 
(iv) —(aw+hy+g)/(ha+by +f) ; (2aa — y? — 32?)/2y(a+2) s 
(vi) (y? + 2axy — Se lGy~ 2ay — 5 
(vii) (2axy — ay? — x*)/(x®y +y— ax); (viii) (day- dee? + 5ar8)/2(y — 22), 
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4. (i) 3/(x+2)?; (ii So Ve —njartls (iv) (1 = 20%)/(1 423); 
(v) w(2 nl(- Pee ; (vi) 1/21 +a)Nx+22; 
(vii) v(2e4 Bye +2) aaa 


6. (i) 2(1-22)/(1—-x+22); 
(ii) {(aB-bA)x?+2(a0 -—cA)x +(bC—cB)}/(Az?+ Br+ C0); 
(iii) w/a? +1; (iv) — af (a? +1) 2; (v) {e+NVa?+1}/Ja2+1; 
(vi) (3a +2b +a)/2(ar+b)?. 


Exercises XXXIII. p. 315. 


16x? + day + 9y? + 36a — 48y -36=0; ‘4a+3y=-0; 7; (s%, -22). 
(i) 2? + Qay +? -12x£-16y+50=0; «t+y=7; J2; (43, 4°). 
(ii) 9a? + 24ay + 16y?— 52x -86y+89=0; 3x+4y=10; 2; (83 
(iii) 16x? - 24ary + 9y?-22+14y-14=0; 4a-3y=1; F; ( 
(iv) Qa? —24ary + 16y?- 22 + 86y+14=0; 3u-—4y=7; 2; Ss 
(v) 1442? — 120xy + 25y?+ 1307+ 312y-169=0; 12”-5y= 
CLD 13 3 
8. The equation represents the locus of a point which moves so that its 
distance from the point (0, 4) is equal to its distance from the line 
v=d. 
(i) (0, t) y+7z=0; (ii) (0, =<), Y=; (iii) (4 0), a+f=0; 
(iv) (-4, 0), w=4. 
B.9=23 1:-(2, -32); 4y+13=0. 10. y=2x?-—Tx4+2. 
12. (i), (iv) upwards; (ii), (iii) downwards. 18. (i)@; (ii)a—b—c+d. 
14, z?=4ay; 4a; (0, a); y+a=0. 
15. Let the point be (0, a), the line y=0. Then locus is x?=4ay ; focus, 
(0, a); vertex, (0, 0); directrix, y+a=0. 


24. y2=2a(x- 4a); 2a; (4a, 0); (F 0). 28, (2a—c, 20); y=2a. 


Led be 


Exercises XXXIV. p. 319. 


1. e=8; SX=33; CX=38. 2. e=$; SX=13; AX=1. 
8. e=55 SX=4. 4. OB=33; SX=9; SA=3. 
5. CA=2,/6; CB=2\2; e=1N6. 

6. b=3; OS=4; OX=28; A ‘a 

7. a=5; OS=3; SA=2; SX=16 a. 18, 

9. CA=2 in., CB=,/3 in. iz e=_5. 12. ¢=4,/2. 


18. The parallel through A to the igs 
G.A.G. 26 
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6. The four points (2 


22. 


me hee oe 


Exercises XXXV. p. 322. 


2 2 
ax 
a. -e=4 548 3 = 


53 -gitoul 
5. (3°2, 2°8) is inside, others outside. 
SR FGF ab )s 2,/2.ab 
Net Nae P)? Sart 
(Qa—y +1), (w+2y—- 
45 125 


sin ose 


aa 9. »/*- 12. 

16 (3 — 4y +1)? , 16 (40 + 3y +2)? 
2425 3721 

(0,0); #=0; y=0; 2,/7, 2/8; 

(0, 0); y=0, «=0; 2(a+b), 2(a-d). 


= 


(i) 
i) 


( = 
1) (0, 0); 4a=3y, Bat+4y=0; 2/5, 8r/5/5. 
(- 3/5, 1/5)3 2e+yt+1=0, x-2y+1=0; 2,/6, 2,/35/5. 
(1, =1)3 y+l=0, 2=1;3) 4, 2,/8. 
a2, =2)/3); 3y+2=0, 2a=1; V5, 2,/2/3. 
(ix) (2/8, —1); 30=2, y+1=0; 2,/3, 2. 
(x) (-2/8, eT 3 8x+2=0, ¥+1=0; 2,/8, 2. 


(viii 


) 
) 
vi) 
(vil) 
) 
) 


‘ V7x2 +16.xy +1742 + 80x — 80y —200=0; 4,/2. 
16. 


Ola? + Bday + Sy? — 260 320y + 400=0 ($ 75): 
i. 


hed = 2 
t+Ge1: : mab. 23. tea 


y lf CA=a, CB=b, the points are 


(, ab? ab ./(a? - aay) ( Ne —2a?) ba? ) 


pec 5 5] G ’ ‘|. 
a? — b? a? — b? 6? — a? b? — a2 


2); SoA. w=1; 4,2,/3. (iv) (0,0); «+7=0,2= 
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2 
a =1 


y; 6,4. 


It will be noticed that one pair of points, at least, is imaginary. 


. (BF). 31. ax+bmy=0. 


. Tx? -Qey + Ty? — 14a - 30y+39=0; Tx -y=7. 33. as 


b2 
Exercises XXXVI. p. 325. 


. (i) $5 (ii) 105 (iii) 6. 2. 14; 2,/38. 
. 1502+ 16y?—- 3602 +1200=0; e=1. 6. ¢=5 


; 
Exercises XXXVII._p. 328. 


z3 SX=$. 4. e=$; SX=18 
CB= 6y8 SX=9; SA=6. 6. CA=2,/6: CB=2,/3; 
=12; O8=28; CX=4; AX=1. 
we 3; OS=5; SA=2; SX=48. 

10) e=2'in. 06=2N/3 ia 


50 


+7 
abe 


6 2 a 

e=5; SX=4); Cx =38, 2. e=j; SX=18; AX=#. 
5 
ry 


c= 3,6. 
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Exercises XXXVIII._p. 330. 
ah. Lae baat 
45 a al adage. 
- (-—5, 2), (-—7, —4) are inside. 
6. ( tab +mab ) ( £ab += mab 
JB? - mPa?) /(b? = mPa?) ]’ \ J(b® = mae)’ easy 


b 
When m=— we get the asymptotes. 9. 3/21. 


rilto os|or 


oon 


10. , is real and finite, infinite, or imaginary, according as 
1 1 1 

2 = 
cos 0>3 oe Rs ea 


12. (i 1; 6,4; (1, -2). (ii) 2=0, y=0; 2b, 2a; (0, 0). 
(iii 1 


ae 2— 0; 
) y+1=0, fe So TY ee 5 
iv) 8y+2=0, 2a=1; ./5, 2,/2/3; (1/2, —2/3). 
(v) 2a+y=0, r=2y; 4,/2, 2/3; (0, 0). 
(vi) e+y=2, y=x+1; 4,/2, 3,/2; (1/2, 3/2). 
16. 2°+4xy +7? -12%-6y+3=0; 6/2. 17. 2xy -6x-6y+9=0; (3, 3). 


Exercises XXXIX. p. 333. 
ZY. (i) 5/4; (ii) 8 in. ; (iii) Bin. - 2. 10. 
4. The locus is likewise a hyperbola whose foci are the centres of the 
given circles. 


5. 220x? — 36y2=495 (e=$) and 252x? - 4y?=63 (e=8). 


— 


Fxercises XL. _p. 338. 
2. (i) 2x-3y=0, 2v+3y=0; (ii) e+y=0, x-y=0; 
(iii) 3a—2y=5, 38x+2y=1;3_ (iv) 2x+y=0, 2x-l1ly=0. 


SER OS aa 
Seas tae ort 3 0. 
9) 2—3, y+2—0% (3, —2). 10. ax+c=0, ay+b=0. 

11. (i) /2; (ii) $,/3. 12. 6, 2. 
13. (i) 2e-y+1=0, x+y-2=0; (4, $). 

(ii) 3a+2y+1=0, x-2y-2=0; (4, -§). 

2c 
14. (2x +3y — 8) (a —2y+3)=22. 18. y=>-F 
22. The asymptotes being the axes, the constant length is the algebraic 
difference of the ordinates or abscissae of the fixed points. 


26. Let the given asymptote be ACB, the given tangent CHD, with point 
of contact H, the other tangent BL. Let ACB and CHD intersect 
at OC, BL and ACB in B. Cut off HD=CH. Join BD. Let CL, 
parallel to BD, meet BL in L. LD is the second asymptote. 


2s. ay=%; aN 2ab. 


G.A.G. 262 
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Exercises XLI.  p. 346. 
a a B. by ute we (3 YP), 
2. — 36° 52’. 4. (4, 3)3 (Fa, Py); (Sa, 
ma ma 
8. “cos 0+F sin 9=1. 9. E= 10. oe 
b2 

18. a2/?+b°m?=1. 22. tan — 5p cot@ . 

26. n2(a2m? + 07?) =Pim?(a? — b?)?. 

30. (i) Jab; (ii) a—b3 (iii) eNa® + ab — yNb?+ ab =a? - b?. 

: a? (a? — ab — b?) b2(b?-ab-a?) 
CV ecgeereanes or Pree ae Force" 
(a2—ab+b?)(a2+ab)? (a?—ab + b?)(b?+ ab)? 
33. CEA Sane 38. 2°+y?=(a+b). 
a b? 
Exercises XLII. p. 355. 
x we 2. 50y=632. 3. 3y=5a. 

11. (+502, +5). 12. See §136, Ex. 3. 

LA Re on; Jae ge 

18. a? pe ° aa . 14. (2, 2) 5 x+y 4=+5(2 Y)s 

CO, YY _ Xx? ye 1 = ame . n= ORC aati ). 
ae ot + bt at BF f b?+a2m? b? + a2m? 
Exercises XLIII.  p. 359. 
1. Let SZ, 1* SP, meet the directrix in Z ZP is the tangent at P. 
8. Let Z be the point. Join ZS, and let the 1" to SZ at S cut the conic 
in P, P’; SP, SP’ are the tangents required. 

15. Let the ©, centre S, radius SU=eKI, meet the © on SK as 
diameter in U, U’.. Let SU, SU’ cut the conic in P, P’. KP, KP’ 
are the required tangents. 

17. Let S be focus, PT’ tangent at P, Q a point on the conic. Let SZ, 

A 
1 SP, meet PT in Z. Let SZ’, the external bisector of PSQ, meet 
PQin Z'. ZZ’ is the directrix. Whence the vertex is easily found. 
Exercises XLIV. p. 363. 
3 


. Draw SX 1° the directrix, mid point A. Let AY |" SX meet ©leon — 


OS as diameter in Y (and Y’). Let SY meet dirx. in M. Let MP — 
1 dirx. meet OY in P. P is point required. 


. Let M be the image of Sin PT; MX, drawn perpendicular to MP, 


) 
‘ 
is the directrix. i 
{ 


t 


pp. 


44. 
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Produce SY 1* PT to M so that YM=SY¥Y. With centre Q, radius 
SQ, describe a ©. Draw MM’ (and MM"), the tangent to the ©. 
Draw MP 1* MM’ tomeet PT in P. P is the point required and 
MM’ is the directrix. 


. Draw SY |* PT and produce to M so that SY=YM. Draw MX 


1? axis. MX is the directrix. Let MP |*- MX meet PY in P. 
P is the point required. 


. Draw SM 1* given line to meet dirx. in M. Bisect SM@in Y. YP 


1* SM is the tangent required. 
PT 6,/10 LN 18. 
tis the reciprocal of the gradient at the point ¢. 


- The join of the feet of the 1** from the focus on the tangents is 


tangent at vertex. Whence the required construction. 


. Let the tangents be PY, QR, RP. Let QR touch the parabola at 7. 


The circle which touches PQ at Q@ and passes through 7’ will cut 
the circumcircle of the triangle PQR again at the focus S. If Mf and 
NV are the images of S in two of the tangents, IZ is the directrix. 


y= —2x*/(a+«x), a cissoid. 


Exercises XLV. p. 372. 


. Let the tangent 7ZPT meet dirx. in Z Draw SP 1' SZ to meet 


ZPTin P. Let PS’, making LS’PT=LSP7, meet SX | dirx. in 
S’. Cis mid point of SS’. 


. (l1-e?)x. This becomes /, where / is the semi-latus rectum of the 


parabola. 


melas — a") [a 
. Circles centres the foci, radii equal to major axis. 
. Circle centre second focus; radius equals the difference of the major 


axes. 


. Let join of P, Q, the given points, meet the asymptote in R. Produce 


PQ to T'so that Q7=RP. Draw TC 1* the asymptote. C is the 
centre. 


Exercises XLVI. _p. 378. 


4. 2a(2+1)?; Way2=4(x-2a). 6. t= +,/2. 7. m2=(a-b)/c. 
15. x=h(?—-1), y=2k(t-1). 18. y=tan é{x-—2a-—atan*6}. 
19. y=mx+1/2m, where 2a?m?+b?= +Na7? + b4. 

28. In+a(/2+m?)=0. 86. (a, 2a), (2a, 3a), (22a, - 5a). 
Exercises XLVII. pp. 385. 
a? — b? z site 
9. {q" cos 6 cos ¢ cos x(¢ + 8)/cos (¢ — A), 
2_ 92 
2 b * sin @ sin ¢sin s(¢+9)/cos 4(o- 0) ; 
3. 
(= Ee cos?0, Y ; Bs sin’# ) ; (a2sin?26 + b?cos?6)*/ab. 
a 
24. (a2+b?m?2)(y — mx)?= (a? — b?)?m?. 
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Exercises XLVIII. p. 398. 
i) (a2l, Bm); (ii) (al, — bm); (iii) (Qme®, QWe2); (iv) ( => a 
j= 


i) 
i) all’ +b°mm'=1; (ii) all’ -bmm’/=1; (ili) 2c?(lan' + Um 
(iv) 1+0'+2amm’'=0. 

) 


4. (i) (y-y)y.=2alw—ay) 5 (ii) (a) 4-(y-H)pa=O. 


x? Dy? 
Beak a 
45. tan?o(x2+ 4? — a? — b?)?=4a7b? a ae 1). 
46. (i) e+y2=a7+0?; (ii) w+y?=a?-b*. 
Exercises XLIX. p. 405. 
ee Lope Ro a, @_yn_? 
ee ae er "a2 Pa B 
4. (i) vx,/a?+yy,/b2=1; (ii) xa,/a?-yy,/b?= 


(iii) aaa, + Aan Fe) + byy, +9 (2 +a,) +h (y 4 bia )+c=0. 
7. 2c(1+ m2)? (h2 — ab)?\( a+2hm-+ bm?). 8. (h?- ab)? /( am? —2him-+bl?). 


9. (x+y?) (aa+ by +c)P?=d(ax + by). 12. ate 


Exercises L. p. 419. 


3 


3 wz 2 
15. k(aq—bp)|(a®+*)’. A seeteratt 


§ 161, p. 430. 4. (i) a hyperbola; (ii) a parabola; (iii) a parabola ; 
(iv) an ellipse. 
ab +a'b! 


5. to = @ta? 


Exercises LI. p. 432. 
1. (i) Ellipse: a=}(V10+,/2), b=3(V10-./2); 
major axis, (w—1)(/5+1) —2(y - 2)=0 
minor axis, (7 —1)(,/5 —1)+2(y—2)=0. 
(ii) Hyperbola: a?=$(,/2+1), P=8 a(/2-1); 
transverse axis, (7+5,/2) (5x —1)=5y-7; 
conjugate axis, (7 —5,/2)(5x—-1)=5y—-7. 
(iii) Ellipse : a=4, b=2,/2; major axis, w#—-y=0; minor axis, e+y=0. 
(iv) Hyperbola: a?=4, b?=3; transverse axis, 2a + y-1=0; 
conjugate axis, x-—2y—-1=0. 
(v) Rectangular Hyperbola: a=1, b=1; 
transverse axis, 4x —3y+10=0; conjugate axis, 32+ 4y —-5=0. 
(vi) Parabola: latus rectum=7\/10/100; axis, 20(8a+y)+9=0; 
tangent at vertex, 40(a#-3y)=217. 


pp. 
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(vil) Ellipse: a?=45/4, b2=5; major axis, «— 2y+1=0; 
minor axis, 2x+y-—3=0. . 


(viii) Parabola: latus rectum=4; axis, 3u—4y+5=0; 


a 


12. 


26. 
30. 


36. 


tangent at vertex, 4x +3y—-10=0. 
(ix) Hyperbola: a2=V13-2, b?=/13+2; 
transverse axis, (513 — 19) (a —3) +2(x/13 — 2) (y—3)=0; 
conjugate axis, (5\/13 + 19) (x — 3) +2(N13+2)(y —3)=0. 
An ellipse which passes through the origin and touches the lines x=a 
and y=6, where they intersect «/a+y/b=1. 
ab’ +a'b=2hh’. 
Directrix : 36(a-y)+77=0; Focus: (- 23/72, — 31/72). 
Latus rectum =4(q’sin a — a cos a). 
Directrix: («—b)sina+(y—b’) cosa+(a?+a)=0. 
tcosa+a’ 
~tsinata- 
(x? - y?)/(a—b)=ay/h. 10. ax? +2hxy + by? + 29x +2fy=0. 


Tangent att: (y—¢cosa —2a’t —b’) (a — ¢?sin a — 2at —b). 


Exercises LII. p. 448. 


By the Rectangle Theorem, 7'P?/77Q.Ta = 7" P2/T'Q'. T'x, if T’ is 
a second point on the tangent; therefore T'P?/TQ=T'P?/T'Q’, and 
therefore is constant. 

If the diameter through V, the middle point of PQ, meet the curve 
in O’ and the tangent in 7”, then 

LPP Eee Bagge tO _RP?_RP.RQ RP_OR RP 
TO. Oe OAV Eee) ay Oo BE) 
But 7’0’=O'V; therefore TO/OR=PR/RQ. 


i -—a?b , -ab? 
The point P, where LASP=7/3. 20. B= AB O= eae 
See § 165. 27. See equation (6) of § 166. 
Ty? — 2Aay + 20x=0. B31. 1232?+ 85ay + 24y?= 198. 
ey ee (a—b)?+4h? 
(+P =(a?+ vp a v). OS ane 


INDEX. 


The numbers refer to pages. 


Abscissa, 3, 13. 
Acceleration, 167. 
Adams’s property of tangent to 
conic, 359. 
Angle, 28. 
between two lines, 65, 85. 
Approximations, successive, 232- 
244, 297-301. 
to roots of equations, 271-279. 
Areas, 38-42. 
Argument of function, 192. 
Asymptotes, definition of, 207, 
287. 


general discussion of, 280-296. 
of hyperbola, 333, 370, 417, 
428. 
Auxiliary circle, 341, 360, 368, 370. 
Axes, Cartesian, 14, 34. 
change of, 98, 99. 
oblique, 34. 
of conics, 312, 318, 327, 421- 
423, 433, 434. 
rectangular, 13. 
Axis, any line as, 15. 


Bifocal conies, 325, 332. 

Bisectors of angles between two 
lines, 68, 86. 

Burnside, 117. 


Canonical equation of parabola, 
of ellipse, 320. 
of hyperbola, 329. 
Cardioid, 165. 
Centre of curvature, 377, 386, 439. 
Centroid, 166 
Ceva’s Theorem, 95, 
Chord rule, 275. 


Circle, equation of, 103, 105. 
inverse points with respect to, 
133. 
pole and polar with respect to, 


tangent to, 113, 121. 
Circles, coaxal, 129. 
orthogonal, 131. 
radical axis of two, 126. 
Cisseid of Diocles, 146. 
Coaxal circles, 129. 
Coincident points, 118, 257. 
Coneave, 185. 
Conchoid of Nicomedes, 143. 
Concurrent lines, 70, 72. 
Confocal conics, 429. 
Conic sections, 153. 
central, 318, 327, 366, 410, 421. 
confocal, 429, 
forms of, 154, 421, 425, 431. 
freedom equations of, 430. 
general theorems on, 357, 421, 
426. 
polar equation of, 337. 
referred to tangent and normal, 
424, 
(See under Ellipse, Hyperbola, 
Parabola. ) 
Conjugate axis of hyperbola, 327. 
Conjugate diameters of ellipse, 
350, 410. 
of general conic, 427. 
of hyperbola, 370, 411. 
taken as axes, 414. 
Conjugate or isolated point, 203, 
299. 


Conjugate parallelogram, 352. 
Conjugate points and lines with 
respect to circle, 138. 


INDEX. 473 


The numbers refer to pages. 


Conjugate points and lines with 
respect to conic, 392. 
Conjugates, harmonic, 88, 91, 391. 
Constraint equation, 23, 161, 217. 
Contact of conics, 442. 
Convex, 185. 
Coordinates, Cartesian, 14, 34. 
oblique, 34. 
polar, 37. 
rectangular, 13. 
Curvature, centre of, 377, 386, 439. 
chord of, 439. 
circle of, 377, 489. 
of ellipse, 439, 443. 
of parabola, 377, 441. 
radius of, 377, 386, 439. 
Curves, equations of some Higher 
Plane, 311. 
Curve tracing, directions for, 304. 
(See also Contents, Chapters X. - 
XVII.) 
Cusp, 200. 
of first kind or keratoid, 306. 
of second kind or rhamphoid, 
305. 


Derivative, 250, 300. 
Derived curve, 255. 
function, 250. 
Diameters of conics, 406-420. 
Direction of line or axis, 2, 3, 13, 
15. 
Director circle, 348, 387. 
Directrix of conic, 155. 
Discriminant, 262, 425. 
Distance between two points, 14. 
from a point to a line, 53, 63. 
Division by zero, 280. 
Duplication of the cube, 147. 


Keccentric angle, 342. 
Eccentricity of conic, 155, 434. 
Elimination, 161, 217. 
Ellipse, area of, 342, 423. 
axes of, 318, 404, 423, 433, 434. 
canonical equation of, 320. 
centre of, 318, 421. 
conjugate diameters of, 350, 410. 
conjugate parallelogram of, 352. 
diameters of, 321, 410. 
director circle of, 348, 387. 
directrix of, 317. 


Ellipse, eccentricity of, 317, 434. 

foci of, 317, 325, 428, 434. 

four normals to, 382. 

freedom equations of, 342, 382. 

latus rectum of, 318. 

normals to, 344, 366, 381-384, 
403. 

orthogonal projection of circle, 
342. 


polar equation of, 322, 337. 
pole and polar with respect to, 
391. 
string definition of, 150, 325. 
tangents to, 343, 358, 366, 381, 
382, 406, 413, 415. 
vertex of, 151, 360. 
Envelope, 364, 373. 
Equation, constraint, 23, 161, 217. 
freedom, 23, 214. 
linear, 22. 
Equation of a locus, 156. 
of circle, 103. 
of ellipse, 320, 414. 
of hyperbola, 329, 335, 414. 
of line-pair, 78-87. 
of parabola, 313, 408. 
of second degree, 81, 105, 421- 
434. 
of straight line, 22, 44, 60. 
Equiconjugate diameters, 355. 
Evolute, 377, 386. 


Festoon, 230. 
Focus of conic, 155. 
equation for, 434. 
Freedom equations, graph of curve 
given by, 214, 306. 
of conics, 430. 
of ellipse, 342, 382. 
of hyperbola, 335, 384. 
of parabola, 313, 408. 
of straight line, 23, 56. 
Function, 191. 
derived, 250. 
explicit, 193, 194. 
graph of irrational, 219-228. 
graph of rational, 182-218. 
implicit, 193, 194. 
inverse, 193. 


Gradient of a graph or curve, 248, 
300. 
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Gradient of straight line, 28, 30. 
Graphs, 182-311. 
of curves ‘given by freedom 
equations, 214. 


Harmonic conjugates, 88, 91, 391. 
pencil, 90-94, 282. 
range, 87-91, 282. 

Homothetic, 324. 

Hyperbola, asymptotes of, 333- 

337, 370, 417-419, 428. 
axes of, 327, 423, 434. 
canonical equation of, 329. 
centre of, 327, 421. 
conjugate, 338. 
conjugate diameters of, 371, 411. 
diameters of, 330, 336, 410. 
directrix of, 326. 
eccentricity of, 326, 434. 
equilateral, 335. 
focus of, 326, 332, 428, 434. 
freedom equations of, 335, 384. 
latus rectum of, 327. 
normals to, 366, 384. 
polar equation of, 331, 337. 
pole and. polar with respect to, 
391. 

rectangular, 335. 
string definition of, 153, 332. 
tangents to, 358, 366, 384, 415. 
vertex, 360. 


Imaginary points, 118, 264. 
Infinite roots of equations, 281- 
287. 
Infinity, point at, 282, 283. 
Inflexion, point of, 185, 233. 
rule for testing, 256. 
Intersection of conie and circle, 
438. 
Inverse points, 133. 
Isolated point, 203, 299. 


Joachimsthal’s section-equation, 
389, 428. 


Latus rectum of ellipse, 318. 
of hyperbola, 327. 
of parabola, 313. 

Limacon, 179. 

Limiting points, 131. 

Line, positive direction of, 15. 


Maximum, 253, 264. 
Measure of segment, 1. 
Menelaus’s Theorem, 95. 
Minimum, 253, 264. 


Newton’s rule for solution of equa- 
tions, 276. 
Node, 203, 298. 
Normal, 343, 360. 
(See under Ellipse, Hyperbola, 
Parabola. ) 


Orders of small quantities, 302. 
Ordinate, 13, 407, 414. 
Origin of coordinates, 3. 

change of, 98, 229. 
Orthocentre, 366, 451. 
Orthogonal circles, 131. 
Orthogonal projection of circle, 

342. 


Parabola, axis of, 312. 
canonical equation of, 313. 
diameters of, 393, 406-409. 
directrix of, 155, 312. 
eccentricity of, 155, 434. 
freedom equations of, 313, 408, 
431. 
latus rectum of, 313, 422, 431, 
433. 
length of tangent to, 403. 
normals to, 360, 377. 
polar equation of, 337. 
pole and polar with respect to, 
391, 394. 
semi-cubical, 199. 
tangents to, 358, 360, 376, 409. 
vertex of, 230, 312. 
Parabolic curves, 186. 
Parallel lines, 31, 51. 
meet at infinity, 283. 
Parameter, 73, 408. 
of conchoid, 145. 
Pedal, of circle, 164, 173. 
of parabola, 366. 
Perpendicular, lines, 31, 51. < 
length of, 53, 63. 
Point, at infinity, 283. - 
double, 298. 
isolated or conjugate, 2038, 299. 
triple, 299. 5 
(See Conjugate points. ) 
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Polar coordinates, 37. 
equation of conic, 337. 
Pole and polar with respect to 
circle, 135-138. 
Pole and polar with respect to 
conic, 391, 428. 
Position-ratio, 5. 
Power of a point, 123. 


Radical axis, 126. 
Rectangle Theorem, 434. 
Roots of equations, approximate, 
188, 211, 271-279. 
equal or repeated, 119, 259. 
infinite, 281. 
theorems on, 262. 
Rule, chord, 273. 
Newton’s or tangent, 276. 
of false position, 273. 
of proportional parts, 273. 


Scale units, 3, 12, 24, 26. 

Section equation, Joachimsthal’s, 
389, 428. 

Section formulae, 6, 10, 16, 21. 

Self-conjugate triangle, 397. 

Self-polar triangle, 397. 

Semi-cubical parabola, 199. 

Small quantities, orders of, 302. 

Solution of equations, 188, 211, 
271-279. 

chord rule for, 273. 


Solution of equations, Newton’s or 
tangent rule for, 276. 
rule of false position for, 273. 
rule of proportional parts for, 
273. 
Steps, 4. 
Straight line, equation of, 22, 44, 
60 


gradient of, 28, 30. 
positive direction of, 15. 
Subnormal, 360. 
Subtangent, 347, 360. 
Symmetry, 184, 185. 
System of coaxal circles, 129. 
of concurrent lines, 72. 
of conics, 442. 


Tangent, definition of, 259. 
(See under Circle, Ellipse, Hyper- 
bola, Parabola.) 
Tangent rule for solution of equa- 
tions, 276. 
Trisection of an angle, 145. 
Turning points, 184, 253. 
values, 184, 264. 


Variable, 191. 

Velocity, 8, 19. 

Velocity-time diagram, 167. 
Vertex of conics, 150, 151, 312, 360. 


Witch of Agnesi, 148. 
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